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In  Che  past  few  years,  we  have  made  intensive  studies  of  the  physics 
of  compound  semiconductor  interfaces.  This  report  contains  the  most  im¬ 
portant  results  obtained  during  the  contract  period  and  is  divided  roughly 
into  three  parts  dealing  with  Schottky-barrier  formation,  oxygen  chemi¬ 
sorption,  and  cesium  and  cesium  oxide  overlayers.  Following  the  Overview, 
Chapter  2  ,  resents  a  model  for  the  surface  structure  of  GaAs  which  is  now 
accepted.  The  next  chapter  demonstrates  that  Schottky-barrier  pinning  is 
due  not  to  Intrinsic  surface  states  but  to  metal  induced  extrinsic  states. 
Chapter  A  describes  synchrotron  radiation  studies  of  Au  Schottky-barrier 
formation  on  the  IV-V  semiconductors  and  presents  a  model  of  Schottky-bar- 
rier  pinning  based  on  defect  formation  induced  by  the  Au  over  layer .  This 
model  is  expanded  and  generalized  in  Chapter  5,  where  a  unified  rcodJl  for 
Schottky-barrier  and  III-V-insulator  interface  states  formation  is  dis¬ 
cussed.  Chapters  6  and  7  deal  with  core  level  and  valence  band  studies 
of  oxygen  chemisorption  and  oxide  formation  on  GaAs,  CaSb,  and  InP.  Chap¬ 
ter  8  contains  a  study  of  thick  Cs  oxides  (on  a  Cu  substrate)  at  liquid 
nitrogen  temperature,  using  photon  energies  lower  than  11  eV,  while  Chap¬ 
ter  9  describes  a  synchrotron  radiation  study  of  the  interaction  of  onvgen 
with  cesiated  GaAs  at  room  temperature,  where  it  is  shown  that  conventional 
models  of  negative  electron  affinity  devices  are  likely  to  be  Inadequate. 

A  list  of  the  papers  published  under  the  support  of  this  contract  is  given 
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Chapter  1 


OVERVIEW 

For  the  last  few  vears,  we  have  devoted  much  effort  towards  the 
study  of  the  physics  and  chemistry  of  the  III-V  semiconductor  surface. 

The  compounds  we  examined  in  detail  are  GaAs ,  GaSb,  and  InP.  Major  areas 
of  research  include  surface  states  on  the  clean  surface,  Schottkv-barr ier 
formation,  oxygen  chemisorption  and  oxide  formation,  and  cesium  oxides  on 
semiconductor  and  metal  substrates.  The  majority  of  our  work  has  been  on 
the  cleaved  (1101  surface,  since  this  surface  is  easier  to  reproduce  and 
has  a  high  degree  ot  perfection  (e.g.,  nonstoichiometry  is  not  a  problem) 
and  an  understanding  of  this  surface  should  provide  a  solid  stepping-stone 
towards  the  understanding  of  other,  more  complex,  faces.  The  early  exper¬ 
iments  were  conducted  at  the  Stanford  Electronics  Laboratories  using  a 
hydrogen  discharge  lamp.  While  much  useful  information  was  obtained,  the 
relatively  low  photon  energies  available  (hv  <  l-  eV)  meant  somewhat  less 
than  optimum  surface  sensitivity  and  also  limited  the  accessible  range  of 
electronic  structure  to  the  top  half  of  the  valence  band.  The  completion 
of  the  Stanford  Synchrotron  Radiation  Laboratory  expanded  our  capability 
enormously  since  we  are  now  able  to  probe  both  core  levels  and  the  valence 
band  with  great  surface  sensitivity.  Most  of  the  experiments  performed 
in  the  last  three  years  used  synchrotron  radiation  as  the  light  source. 

Filled  surface  states  in  Si  were  first  observed  with  photoemission 

1  2 

in  1972  by  Wagner  and  Spicer  and  by  Eastman  and  Grobman.  Eastman  and 

•*) 

Grobman”  also  observed  filled  surface  state  emission  from  GaAs.  However, 
much  work  in  this  laboratory  failed  to  reproduce  these  observations  and 
led  instead  to  the  formulation  of  the  GSCH  (Gregory,  Spicer,  Ciraci,  Har¬ 
rison)  model  for  the  GaAs  (110)  surface  described  in  Chapter  2.  In  this 
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model,  the  As  surface  items  are  relaxed  outward  and  the  Ga  surface  atoms 
inward,  with  the  dangling  bond  electrons  associated  with  the  surface  As 
^  tie  enptc  and  tilled  surface  states  are  separated  bv  a  large  band  gap, 
with  the  filled  states  located  below  the  valence  t  nd  maximum.  The  major 
f eat u res  of  this  model  is  now  accepted  as  correct,  although  the  empty 
states  located  near  midgap  in  the  first  experiments  were  later  found  to 
be  ext i  ins i e ,  due  probably  to  o. elects  ,  wnile  the  intrinsic  empty  surface 
states  were  actually  higher  up  in  energy,  being  above  the  conduction  band 


Experiments  or.  the  Cs  Schoctkv  barrier  on  GaSb  led  to  the  conclusion 
th.it  intrinsic  surface  states  are  not  responsible  for  Sehot  tkv-barr  ior 
pinning.  Rather,  the  pinning  is  due  to  extrinsic  states  induced  bv  the 
metal.  Natuial.lv,  the  next  step  is  to  discover  the  nature  of  these  metal- 
induced  st  i t-*s .  Our  work  on  the  Au  Schottky  barrier  (using  svnchrotron 
rad ia t ion 1  led  to  the  suggestion  that  these  states  are  defect  related. 

The  heat  of  adsorption  ot  the  metal  on  the  semiconductor  is  sufficient 
to  generate  some  detects.  hoc a  1  iced  states  associated  with  these  defects 
then  pin  the  Fermi  level.  In  Chapter  ^ ,  the  "defect"  model  is  general  iced 
to  apply  to  not  only  the  metal-semiconductor  interface  but  also  to  the 


oxide-semiconductor  interface.  Suggestions  are  also  made  as  to  their 
nature.  The  pinning  levels  have  the  following  locations  relative  to  the 
valence  band  maximum:  GaAs ,  0.'  and  0.5  eV;  InP,  0.°  and  1.2  eV.  The 
first  energy  is  associated  with  a  missing  anion  and  the  second  with  a 
■nisti  mg  nation.  Foi  uaSb ,  only  an  acceptor  due  to  a  missing  Sb  has  boon 
located  at  0.1  eV. 

Studies  of  the  core  levels  and  valence  bands  of  the  I1I-V  compounds 
are  discussed  in  Chapters  b  and  ',  respectively.  In  these  studies,  it  is 


found  that  oxygen  excited  by  a  hot  filament  gauge  gives  rise  to  very 
different  surface  chemistry  compared  to  when  unexcited,  molecular  oxygen 
is  used.  By  observing  the  changes  in  the  core  level  positions  and  heights, 
the  formation  of  As^O^,  Aso0.,  free  As,  and  Ga?0^  at  different  stages  of 
oxidation  using  excited  oxygen,  and  the  sublimation  of  As^O^,  may  be  fol¬ 
lowed.  In  the  valence  band  studies,  by  correlating  band  bending,  photo¬ 
emission  and  partial  yield  (constant  final  state)  measurements,  it  is 
found  that  Fermi  level  pinning  at  midgap  on  GaAs  is  caused  by  extrinsic 
states.  It  is  also  found  that  small  amounts  (<<1%)  of  oxygen  coverage 
car.  cause  the  photoemission  spectra  to  show  sharper  structure,  implying 
that  the  oxygen  has  long-range  effects.  In  fact,  with  a  coverage  of  about 
5%,  oxygen  causes  the  valence  band  structure  to  smear,  indicating  disorder. 

The  last  two  chapters  deal  with  the  study  of  Cs-0.  The  object  of 
the  work  is  to  obtain  information  on  bulk  Cs  oxides  and  correlate  this 
with  the  Cs-O-GaAs  surface  in  an  effort  to  understand  the  physics  of  neg¬ 
ative  electron  affinity  surfaces  on  photocathodes .  Surprisingly,  synchro¬ 
tron  radiation  studies  of  the  oxidation  of  cesiated  GaAs  reveal  that  Cs 
caused  the  adsorption  rate  of  oxygen  on  GaAs  to  accelerate  by  as  much  as 
six  orders  of  magnitude,  while  it  is  by  no  means  clear  whether  any  Cs  ox¬ 
ides  or  suboxides  formed.  This  suggests  that  previous  models  of  the  neg¬ 
ative  electron  affinity  GaAs  surface,  which  assume  formation  of  Cs  oxides, 
may  be  inadequate.  Further  work  is  called  for. 

References 
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Chapter  2 


SURFACE  STATE  BAND  ON  THE  GaAs  (110)  FACE 


P.  E.  Gregory,  W.  E.  Spicer,  Department  of  Electrical  Engineering* 

and 

S.  Ciraci,  W.  A.  Harrison,  Department  of  Applied  Physics* 
Stanford  University,  Stanford,  CA.  94305 


ABSTRACT:  Careful  photoemission  studies  of  surface  states  on  the 
cleavage  GaAs  (110)  detect  no  filled  states  in  the  band  gap.  However, 
empty  states  pin  the  surface  Fermi  level  on  n-type  GaAs  at  mid-band 
gap.  Filled  states  are  placed  below  the  valence  band  maximum  and 
empty  surface  states  in  the  upper  half  of  the  band  gap.  Calcula¬ 
tions,  using  the  Bond  Orbital  Model,  agree  with  these  results  and 
associate  the  empty  and  filled  bands  with  Ga  and  As,  respectively. 


1  0  ^  A 

Recently  through  experimental 1  ’ ,J  and  theoretical*  studies,  major  advances  have 
been  made  in  the  understanding  of  Si  surface  states.  Through  photoemission  studies, 
a  good  measure  of  the  density  of  filled  states  *  *  and  their  dependence  on  crystal 
face  has  been  obtained.  However,  contradictory  results  have  been  reported  concerning 
the  clean  GaAs  cleavage  (110)  plane.  Eastman  and  Grobman  (EG)  have  reported  filled 
surface  states  lying  in  the  bottom  half  of  the  band  gap;  whereas.  Van  laar  and  Scheer*5 
(VLS)  and  Dinan,  Galbraith,  and  Fischer^(OGF)  found  no  filled  states  there.  Here  we 
report:  (1)  very  careful  experimental  work  which  shows  the  bottom  half  of  the  valence 
band  to  be  free  of  surface  states  (i.e.,  the  filled  states  lie  below  the  valence  band 

maximum),  and  empty  surface  states  extending  down  to  the  middle  of  the  band  gap,  in 
agreement  with  OGF ;  and  (2)  theoretical  work  which  explains  the  large  band  gap  between 
the  filled  and  empty  surface  states  and  relates  this  to  the  electronic  population  of 
surface  atoms.  Brief  comments  are  made  concerning  the  effects  of  oxygen  and  of  Cs  on 
the  surface  states  and  surface  atoms. 

The  surface  of  GaAs  has  been  studied  by  ultraviolet  photoemission  spectroscopy, 
using  a  technique  similar  to  that  used  by  Wagner  and  Spicer*  to  study  Si  surface 
states.  The  cleaved  (110)  surfaces  were  usually  very  smooth,  but  two  roughly  cleaved 
surfaces  (i.e.,  surface  containing  many  steps)  were  purposely  made.  The  samples 
studied  are  described  in  Table  I.  Energy  distribution  curves  (EDCs)  are  given  in 
Figs,  la  and  b.  In  most  cases,  the  pressure  was  below  5  x  lO’ll  Torr,  and  measure¬ 
ments  were  begun  within  15  to  30  minutes  after  the  cleave  was  made. 

For  GaAs  as  Si,  three  methods  were  used  to  identify  surface  states.  In  one, 
the  cleaved  surface  was  exposed  to  oxygen  and  examined  for  structure  near  the  band 
gap  which  is  preferential ly  affected.  In  contrast  to  Si,  where  strong  changes  due 
to  removal  of  surface  states  were  found,  oxidation  did  not  preferentially  remove  any 
states  in  the  band  edge  (see  Fig.  lb).  This  suggests  the  absence  of  normally  filled 
surface  states.  Another  test,  is  to  look  for  surface  state  pinning  as  a  function  of 
bulk  doping.  As  Fig.  la  illustrates,  no  pinning  was  found  on  p  GaAs.  This  indi¬ 
cates  the  absence  of  normally  filled  ;donor)  surface  states.  For  the  n-type  samples. 


the  Fermi  level  was  pinned  at  midgap  independent  of  doping.  This  indicates  normally 
empty  (acceptor)  surface  states  extending  down  to  midgap. 

The  third  test  is  to  identify  structure  in  the  EDCs  which  cannot  be  explained  in 
terms  of  bulk  band  structure'.  EDCs  were  taken  every  few  tenths  of  an  eV  from  5.6  to 
11.8  eV  and  no  such  structure  was  observed.  The  position  in  energy  of  all  observed 
structure  was  found  to  depend  on  hv  as  expected,  if  due  to  bulk  band  structure.  No 
structure  was  found,  such  as  that  in  Si,  whose  energy  was  independent  of  hv.  Note 
in  Fig.  la  that  for  the  n-type  samples,  there  is  no  emission  originating  from  near 
the  Fermi  level  and  that  for  p-type,  the  Fermi  level  comes  at  the  valence  band  maxi¬ 
mum.  This  position  of  the  Fermi  level  for  p-type  material  was  also  found  by  DGF  on 
more  lightly  doped  p-type  samples.  This  gives  further  evidence  against  normally 
filled  (donor)  states  lying  in  the  band  gap. 

Our  GaAs  data  is  consistent  with  the  model  shown  in  Fig.  2.  For  sake  of  compar¬ 
ison,  the  Si  (111)  surface  states  have  also  been  indicated.  Note  that  the  GaAs  sur¬ 
face  states  are  split  into  a  normally  filled  and  empty  band  separated  by  an  appre¬ 
ciable  band  gap.  Within  our  experimental  accuracy  (±0.1  eV),  we  have  obtained  no 
evidence  that  the  filled  band  extends  into  the  band  gap. 

Since  our  results  differ  from  those  of  EG,  we  have  taken  extreme  care  in  measure- 
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ments  and  have  studied  a  number  of  samples  .  Our  results  are  in  good  agreement  with 
DGF  and,  in  concluding  that  the  filled  band  lies  below  the  valence  band  gap,  agree 

with  VIS. 

The  Bond  Orbital  Model  fur  the  electronic  structure  of  tetranedral ly  coordinated 
solids  gives  us  a  simple  approximate  wav  or  estimating  the  bands,  and  surface  bands  tor 
these  materials.  The  Bond  Orbital  Model  is  a  tight  binding  calculation  of  the  dangling 
bonds.  Previous  calculations^  have  left  the  energy  matrix  elements  as  parameters.  The 
Bond  Orbital  Model,  however,  computes  values  for  the  parameters  V-  and  V,  from  the  bulk 
optical  properties.  V ^  is  taken  from  the  Herman-Ski 1 1  man  tables^1.  S  is  the  overlap 
integral.  We  take  S=.5,  and  the  values  or  V^,  V„,  and  are  taken  from  the  new  formu¬ 
lation  of  the  Bond  Orbital  Model For  silicon  we  construct  energies  for  individual 
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spJ  hybrid  on  eacn  atom  as  illustrated  in  Fig.  3a.  We  then  form  bond  orbitals  lowered 
in  energy  by  (l-S)Vp  and  antibonding  orbitals  higher  by  ( 1+S ) in  each  bond  with  V^- 
2.2  eV  in  silicon.  The  surface,  or  dangling,  hybrids  do  not,  of  course,  form  bonds. 

The  bonding  states  then  broaden  into  valence  bands  of  width  4V^,  with  =  1.4  eV  for 

silicon.  The  formation  of  conduction  bands  is  not  so  simple  but  we  take  the  conduction 

Land  edge  above  the  top  of  the  valence  band  by  the  observed  gap  of  1.14  eV.  This  leaves 

the  dangling  bond  states,  which  broaden  (due  to  coupling  between  dangling  bonds  through 
the  back-bonds)  into  two  bands,  degenerate  at  certain  symmetry  directions  of  the  surface 
Brill i oun  Zone  .  (Surface  reconstruction  would  split  the  occupied  and  unoccupied  sur¬ 
face  bands,  but  we  will  not  consider  that  here.) 

The  electronic  structure  of  GaAs  is  similarly  constructed  but  begins  with  two 
types  of  hybrids,  one  for  Ga  ans  one  for  As,  differing  in  energy  by  2V3  with  V3=  1.2  eV. 
The  resulting  bands,  one  completely  in  the  bulk  valence  band  and  occupied,  and  the 
other  one  empty  and  in  the  energy  gap,  are  as  shown  in  Fib.  3b.  As  polarity  increases 
in  going  to  II-VI  and  I -V 1 1  compounds,  V3  will  increase  and  therefore  the  gap  between 
surface  states  could  increase  further  in  such  materials. 

In  Fig.  4,  we  indicate  in  real  space  the  approximate  bulk  and  surface  configura¬ 
tions  deduced  from  this  work.  In  the  bulk,  the  Ga  and  As  atoms  have  a  rearrangement  of 
charge  because  of  the  formation  of  the  bond.  At  the  surface,  one  of  the  four  covalent 
bonds  per  atom  is  broken  and  three  remain.  As  a  result,  the  net  change  relaxes  towards 
zero;  i.e.,  a  surface  As  has  approximately  five  and  Ga  approximately  three  valence 
electrons.  Each  type  of  surface  atom  contributes  three  electrons  to  the  covalent  bond. 
This  leaves  each  surface  As  with  two  excess  electrons  which  form  the  filled  surface 
band  lying  below  the  top  of  the  valence  band.  A1 '  three  Ga  ele-trons  are  taken  up  in 
the  covalent  bond  leaving  none  to  populate  surface  states;  thus,  the  empty  surface 
band  is  formed  primarily  from  the  Ga  states  .  This  model  of  a  dangling  electron  pair 
associated  with  the  As  atom  and  no  dangling  electrons  associated  with  the  Ga  atom  is 
in  qualitative  agreement  with  the  model  proposed  by  Miller  and  Haneman13a. 
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Brief  mention  will  be  made  of  studies  of  the  oxidation  of  GaAs ,  since  this  bears 
on  the  above  mentioned  model.  A  more  complete  report  will  be  given  elsewhere.  In 
Studying  n-type  GaAs,  we  found  a  very  striking  result:  within  ±0.1  eV,  the  pinning 
of  the  Fermi  level  by  the  empty  surface  states  was  unchanged  by  oxidation  (see  Fig. 
lb).  This  is  in  strong  contrast  to  Si  where  the  surface  state  pinning  is  destroyed 
by  oxidation*.  We  suggest  that  this  result  is  due  to  oxygen  combining  with  the  two 
surface  As  electrons,  reducing  the  energy  of  those  electrons  and  removing  the  filled 
band  while  leaving  the  surface  Ga  atoms,  and  thus  the  empty  surface  band,  largely  un¬ 
affected.  We  would,  therefore,  expect  the  oxygen  atoms  to  be  located  roughly  over 
the  As  atoms  and  a  stable  monolayer  to  be  formed  with  50%  atomic  coverage  of  the  GaAs 
corresponding  to  oxidation  of  only  the  As  surface  atoms. 

One  also  needs  to  relate  the  surface  states  reported  here  for  clean  GaAs  to  the 

Schottky  barrier  work  on  GaAs  metal  interfaces  where  surface  state  pinning  about  0.5  eV 

above  the  top  of  the  valence  band  is  typically  found.14  We  have  done  preliminary  work 

with  CS  on  p  GaAs  and  find  that  the  Cs  produces  surface  states  in  the  band  within 

0.5  eV  of  the  valence  band  maximum.  In  particular,  we  find  that  these  states  pin  t,  e 

surface  Fermi  level  about  0.5  eV  above  the  valence  band  maximum  in  agreement  with 
15 

Uebbing  and  Bell.  We  believe  that  extensions  of  this  work  will  have  important  im¬ 
plications  for  practical  "negative  electron  affinity"  photocathodes.16 


TABLE  I 


Bulk  Fermi  level  No.  of  Cleaves 


Sample 

Doping 

Position  above  Vm(eV) 

Studied 

18  n 

1.7 

. nl 8  -3 

x  10  cm 

n-type 

1.4 

2 

14  n 

6  x 

in14  *3 

10  cm 

n-type 

1.2 

4 

19  p 

3  x 

m19  -3 

10  cm 

p-type 

0 

1 
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FIGURE  CAPTIONS 


FIG.  la  EDC  for  hv  *  10.2  eV  for  n-  and  p-type  GaAs  samples.  The  rero  of 
energy  is  taken  at  the  valence  band  maximum.  Ep  indicates  the 
Fermi  level  position. 

lb  Effect  of  oxygen  exposure  on  n-type  GaAs .  Note  that  the  Fermi 
level  (E .)  is  uneffected  by  the  oxidation. 

FIG.  2  Models  for  surface  states  on  the  cleavage  faces  of  Si  and  GaAs. 

FIG.  5  Diagram  showing  the  formation  of  bulk  (bold  lines)  and  (110)  surface 

(dashed  lines)  band  structure  of  tetrahedral ly  coordinated  semi¬ 
conductors  . 

a)  Silicon  Energy  parameters  Vj  =  1.4  eV,  V,  =  2.2  eV,  V.  =  o 

b)  GaAs  Energy  parameters  =  1."  eV,  v',  =  2.1  eV,  V  =  1.2  o\ 


iTG.  4  GaAs  surface  and  bulk  atoms.  At  the  surface,  Ga  has  approximately 

three  valence  electrons  and  As  approximately  five.  The  filled  surface 
band  is  associated  principally  with  the  As  surface  atoms;  the  empty 
surface  bind  principally  with  the  Ga  surface  atoms. 
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Chapter  3 


Comment  on 
conductors" 


Re'at'°"  °f  Sch0ttk^  Ba-ters  to  Empty  Surface  States 
by  o.  E.  Eastman  and  J.  L.  Freeouf 


III-V  Semi- 


GaSb  Surface  States  and  Schottky  Barrier  Pinning* 

by 

p-  «•  Ohye,  1.  A.  Babalola/  T.  Sukegawa^and  W.  E.  Spicer 

Stanford  Electronics  Laboratories 
Stanford  University 
Stanford,  Ca.  94305 


ABSTRACT 

staterrrr0:  ”eaSUre"'entS  GaSt>  ’"^ate  „„  surface 

barrier  on  n  G  Sb  °eP0SitiOn  °f  Cs  t0  f°™  a  Schottky 

on  n-GaSb  moves  the  Fermi  level  0  55  P\j 

Panning  within  the  bandgap.  Thus,  for  the  firs*  tim^ 

-y  barrier  pinning  without  the  presence  of  intn'nsic  sur 

ce  states  in  the  gap  is  directly  demonstrated. 

Surface  state  studies  of  clean  cleaved  (110)  r^h  ^  * 
are  reported  Th  '  5  Cesi'um  on  (HO)  GaSb 

one  He  of  ^  "™"  "  -  «W  and 

by  Eastman  and  Freeouf2  L'T'  "““,M  >“•>"«»«- 

eeouf  (EF)  and  modi fication  of  their  generalizations 

Schottky  barriers  appears  necessary.  *  concern, „g 

Fi9Ure  '  Sh0WS  h'*  portions  of  photoelectron  energy  distributi 

curves  (FDPcl  i  ^  Qistnbution 

'  ea"  ^  Ces,ated  ”'t-''Pe  Carrier  concentration  1.1  x  !0,s  cm'3' 

and  c, eanp-type  (carrier  concentration  1. 6  x, O13  cm'3,  (,,o)  Gasb  t  • 

energy  of  ,0.2  eV.  I„  Fig  1  „  r  ,  ^  ?h0' 

9-  '•  a  Cb  "°n0,Wr  15  as  the  coverage  which  giV£ 
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minimum  photoemission  threshold."*  Further  experimental  details  are  available  elsewhere."*’** 
The  EEC's  are  presented  with  the  peaks  due  to  direct  transitions  in  the  bulk  superimposed. 
Fermi  level  positions  determined  to  within  i0.1  eV  using  a  Cu  reference  emitter  are 
marked  near  the  high  energy  edges.  The  difference  in  enerqy  of  the  positions  of  the 
Fermi  level  on  the  clean  n-  and  p-type  samples  is  0.65  eV,  which  is  almost  the  full  bandgap. 
An  additional  determination  of  the  n-type  Fermi  level  based  on  yield  measurements  and  the 
observed  width  of  the  EDC  of  the  clean  sample,  is  in  agreement  with  Fig.  1  putting  the 
surface  Fermi  level,  Ef,  on  n-type  GaSb  at  the  conduction  band  minimum  (CBM).  This  cor¬ 
responds  to  a  flat  band  situation  vi  w..  the  forbidden  bandgap  free  of  empty  intrinsic  sur¬ 
face  states  which  would  cause  pinning.  EF ,  on  the  other  hand,  showed  empty  surface  states 
on  jaSb  as  having  a  peak  near  the  CBM  with  a  tail  extending  below  midgap  and  located  the 
Fermi  level  on  their  n-type  sample  0.4  eV  below  the  CBM. 

Further  evidence  for  the  intrinsic  n-type  Fermi  level  location  being  near  the  CBM 
is  given  by  following  the  Fermi  level  movement  with  Cs  addition.  It  is  evident  that  with 
cesiation  the  Fermi  level  moved  towards  the  valence  band  maximum  (VBM)  and  eventually 
moved  through  the  bandgap  by  0.55  eV  and  stabilized  near  the  VBM  ,  in  accordance  with  the 
Fermi  level  position  for  bulk  Schottky  barriers  .  If  the  intrinsic  Fermi  level  position 
on  an  n-type  sample  were  located  about  0.4  eV  below  the  CBM  as  reported  by  EF.  such  a 
large  movement  would  be  impossible  . 

It  appears  possible  to  reconcile  the  present  results  with  that  of  EF.  Lapeyre- 
has  suggested  that  excitonic  effects  may  be  important  in  the  Ga  3d  transition  used 
by  EF  ...  detect  their  empty  surface  states.  This  would  result  in  a  measured  emptv 
surface  state  position  appreciably  below  that  of  its  true  energy,  and  could  explain 
the  difference  between  EF's  location  of  the  empty  surface  states  using  photoemission 
partial  yield  spectroscopy  and  our  results.  EF  have  considered  possible  excitonic 
or  correlation  effects  but  it  appears  that  the  energy  lowering  associated  with  these 
effects  are  probably  somewhat  more  than  the  \.  0.1  to  0.2  eV  suggested  by  them. 


The''e  I5  3  'arSe  Vartatf°"  <"  «»  1  iterature  for  the  surface  F^i 


i  rtlJ  1  .  .  -  r  trr  in  i 

level  position  on  cleaved  GaSb.  Viljoen  et  al  10fn,,nH 

J  netaK  found  a  variation  0f  o.6  eV  across 


u.u  ci  across 

ur  ace  of  a  newly  cleaved  sample  with  Ef  finally  stabilizing  at  0.,  el  above  the 

3  ter  dayS'  "  f°U"d  Ef  *  ”•  ^out  0.3  eV  above  VBM.  As  „  descn'bed 

'  we  believe  these  Pinning  positions  have  beer  affected  by  the  unusual  high 

sensitivity  of  GaSb  E,  to  oxygen  (and  presumably  other  gases).  Recent  studies  of  the 
effects  Of  nvviian  „  1  „  ,  _  .  It 


-  ur  in 

e  ects  of  oxygen  on  clean  GaSb  by  Chve  et  ,1  11  u 

,fftHh  Chye  et  al .  show  that  the  position  of  E.  can  be 

3 rfectpd  hv  rm i f «  i  __  f 


-  ”  KW3IUUII  ur  c  -  ( 

affected  by  quite  small  amounts  of  nxvnon  m  .  f 

oxygen.  Movement  is  seen  even  at  101  0,  ex- 
posure.  At  in  i  n  fh„  r _ .  .  .  2 


posure  At  10  L  0?  the  Ef  moved  downward  by  about  0.5  eV.  Sensitivity  Mother  gases 
might  be  pvph  nroatow  '2  y 


.  in  -j  ww/  uuici  yait 

might  be  even  greater.  ^ 

s  ng  .lacRae  and  Gobeli's  sticking  probability  of  less  than  10'5  for  oxygen  ,3 
ese  exposures  correspond  to  less  than  Uf"  and  ,0’'  monolayer  coverage  respectively 

— ent  with  MacRae  and  Gobeli,  low  sticking  probability,  no  structure  due  to  ' 

oxygen  was  found  in  the  EDCs  ('hv  <  n  s  a\,\  f 

(  V  1  "'6  6V)  for  th<^  «Posures.  Ue  therefore  sug- 

gest  that  this  unusually  high  sensitivity  of  r  t 

9  '  V’ty  of  Ef  to  exposure  to  oxygen  (and  pre- 

r?~r ,s  due  to  -  -  - - — —  state  . . ,  In 


^  r  nl5  r 1  My •  in 

^IJ^h  canri  f  i  ^ 


such  sensitivity  was  found. 


The  present  work  shows  that  surface  mi  ■ 

„  .  „  6  5tate  p,nn1"9  ™y  be  produced  at  a  metal- 

semiconductor  contact  even  when  empty  intrin  ir  f 

„  „  Py  intnn.ic  surface  states  are  not  present  It 

Z  r  "  Fe™f  P'nni"9  P0Siti°"  ™y  "  far  —  *-  the  bottom 

L  tr:n ;S  "  ,hS  ^  ^  -  -  -  -states 

ne  in  the  conduction  band  Thi,<  if 

appears  that  the  conclusion  of  EG  that  intrin 
-c  surface  states  play  a  predominant  role  in  determining  Schottky  barriers  in  „M 

conductors  must  be  reexamined.  particular,  their  conclusion  seems  only  ,  a rly 

applicable  when  empty  surface  sr,tpc  t  •  Y 

djrect]  f  ”  surface  states  „e  in  the  bandgap.  The  present  work  shows 

y  o-  the  first  time  that  Schottky  barrier  pinning  can  be  obtained  in  the  gap 
even  when  no  intrinsic  surface  JUt#,  ,je 
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FIGURE  CAPTION 


Fig.  1  The  high  energy  portions  of  clean  and  cesiated  GaSb  EDCs.  The 

Fermi  level  ( Ep)  of  the  n-type  sample  shows  a  large  movement  with 
cesiation  and  the  Fermi  levels  of  the  clean  p-  and  n-type  samples 
differ  in  energy  by  0.65  eV.  This  shows  that  the  Fermi  level  of 
the  n-type  sample  lies  near  the  CBM  and  indicates  the  absence  of 
empty  intrinsic  surface  states  which  would  cause  pinning. 
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Chapter  4 


PHOTOEMISo EON  STUDY  OF  An  SCHOTTKY  BARR  IKK  FORMATION 
ON  C.aSb ,  CaAs,  AND  InP  USING  SYNCHROTRON  RADIATION 

ABSTRACT 

l  ho t oem iss ion  spectroscopy,  constant  t Inal  state  spectroscopy,  and 
ion  depth  profiling  techniques  were  applied  to  the  studv  of  the  forma¬ 
tion  of  the  Au  Schottky  barrier  on  cleaved  GaSb,  CaAs,  and  TnP.  It  was 
found  that  the  deposited  Au  interacted  strongly  with  the  semiconductors , 
causing  decomposition  of  their  surfaces.  Further,  the  Fermi  Level  pin¬ 
ning  was  near  Lv  compl  ete  at  -  0.2  monolayer  Au  coverage,  when  the  Au  was 
stiLl  "atomic-like."  It  is  suggested  that  defect  states  at  the  inter¬ 
face  are  responsible  for  the  Schottky  barrier  pinning,  and  a  mechanism 
foi  thel>-  creation  is  proposed.  It  appears  that  many  of  t he  known 
phenomena  on  Schottky  barriers  can  be  explained  using  a  "defect"  model 
as  proposed  hero. 


O') 


Introduct  ion 


I . 


l"  thP  f;,1,rl0!,tlon  of  "'’"'‘conductor  devices,  a  met  a  I  overlay*, ■  i, 
of  ton  used  l„  making  Interconnection.-,,  ohmic  contact.,,  or  Schottky  con¬ 
tact,.  Because  of  Its  Importance,  the  Schottky  harrier  (SB)  ha,  Been  the 
subject  of  numerous  theoretical  and  experimental  Invocation*.  Much 


of  the  earlier  experimental  work  may  he  summer  trod  In  a  set  of  empirical 

1 


rules.  For  covalent  semiconductors.  Mead  and  Spttr.or1  showed  that  a 
"tvvo-thirds"  rule  often  applies;  that  Is.  the  electron  barrier  height 
ls  Approximately  equal  to  two-thirds  of  the  energy  gap.  E  .  The 
exceptions  are  InAs .  GaSb,  and  InP.  The  harrier  energies  of  the  covalent 
materials  are  relatively  insensitive  to  the  metal  used  In  forming  the 


,a,3 


harrier.  In  contrast,  on  the  more  ionic  materials.  Mead  et  al“'~  oh- 

3 


served  a  strong  dependence  on  the  metal  used.  They  showed3  that  the 
separation  bo t wen  the  covalent  and  tonic  behavior  (ionic-covalent  tran¬ 
sition)  came  at  an  electronegativity  difference  of  0.0.  The  Index  of 
interface  behavior  S  Is  then  defined  by  S  -  d^/d^  where  ^  is  the 
metal  electronegativity.  The  covalent  semiconductors  then  have  s  ~o.l, 


wh He  insulators  such  as  *10,  have  S  -  1.0;  howver.  the  latter  has 


very  recently  been  questioned  by  Schluter4  who  argued  that  «  -  l  for 

5 


tlu.  Insulators.  Recently,  McCaldtn  et  a  1 5  pointed  out  that,  for  Ill-V 
and  tt-VI  compounds,  the  .SB  height  for  holes  Is  dependent  only  on  the 
particular  anion  and  ls  roughly  a  linear  function  of  the  anion  electro¬ 
negativity.  This  "anion  rule"  applies  also  to  materials  which  do  not 
follow  the  two-thirds"  rule  and  to  more  ionic  compounds  such  as  TnS 
which  has  S  **  1.0.  The  aluminum  compounds  are  the  exception*. 
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.  I 


..  1  .  1 1  •  iWi 


Back  in  1947,  Bardeen  proposed  that,  on  (covalent)  semiconductors, 

intrinsic  surface  states  of  sufficiently  high  density  in  the  band  gap 

stabilize  the  Fermi  level  (E  ) ,  and  the  barrier  height  is  then  largely 

F 

independent  of  the  metal.  Many  years  later,  Heine  suggested  that  me¬ 
tallic  like  states  with  wave  functions  decaying  into  the  semiconductor — 

the  tails  of  the  metal  wave  functions--are  responsible  for  E  pinning. 

F 

Photoemission  and  constant  final  state  (CFS)  experiments  on  group  III-V 
8  9 

compounds  '  at  first  appeared  to  support  the  Bardeen  model,  but  it  was 

soon  realized  that  E  pinning  due  to  imperfections  and  strong  excitonic 

F 

effects  in  the  CFS  spectra  led  to  Incorrect  conclusions  on  GaSb .  For 
example,  Chye  et  al^  demonstrated  directly  SB  pinning  without  the  pres¬ 
ence  of  intrinsic  surface  states  in  the  band  gap.  It  is  now  believed 
that  there  are  no  intrinsic  surface  states  in  the  band  gap  of  most  group 
III -V  semiconductors,  and  therefore  the  SB  pinning  cannot  be  due  to  in- 
trlnsic  surface  states.  Rowe  et  al  did  much  work  on  group  III 

metal  overlayers  on  semiconductors  and  reported  metal-induced  surface 
states.  They  also  showed  that  the  first  metal  overlayer  is  important  in 
determining  the  interface  behavior  and  emphasized  the  need  for  a  micro¬ 
scopic  theory  of  chemical  bonding.  It  was  suggested  that  the  metal  forms 
covalent  bonds  with  the  semiconductor  surface,  giving  rise  to  the  observed 
metal-induced  states  which  pin  E^. 

Since  the  early  stages  of  SB  formation  are  so  important,  experiments 
were  performed  to  study  the  effects  of  metal  overlayers  from  submonolayer 
amounts  to  relatively  thick  coverages.  In  this  paper,  we  report  experi¬ 
mental  results  for  Au  overlayers  on  the  III-V  semiconductors  GaAs ,  GaSb , 
and  InP.  The  cleaved  (110)  surfaces  were  studied  in  ultrahigh  vacuum  in 
order  to  avoid  complications  arising  from  irreproducibility  or 
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nonstoichiometry  of  the  initial  surface  (e.g.,  on  heat-cleaned  or  sput¬ 
ter-annealed  surfaces'  or  from  surface  contamination  by  oxides  or  carbon. 
The  experimental  methods  are  outlined  in  the  next  section.  Section  III 
presents  the  experimental  results  which  are  further  discussed  in  Section 
IV  where  a  "defect"  model  for  Schottky  barrier  pinning  is  presented. 


II.  Experimental 


Several  spectroscopic  techniques  were  used  in  this  study:  UV  and 

soft  X-ray  photoemission  spectroscopy  (UPS  and  SXPS),  constant  final 

19 

state  (CFS )  spectroscopy,  and  Auger  electron  spectroscopy  (AES)  used 
in  conjunction  with  ion  sputtering  to  yield  composition  profiles  with 
depth.  All  the  surfaces  were  prepared  by  cleaving  in  stainless  steel 
chambers  with  base  pressures  ~10  10  torr,  exposing  the  (110)  surfaces 
which  were  usually  5  X  5  mm  in  area.  The  UPS,  SXPS,  and  CFS  experiments 
were  all  performed  at  the  8°  and  4°  beam  lines  at  the  Stanford  Synchro¬ 
tron  Radiation  Laboratory  (SSRL)  where  continuous  radiation  up  to  600  eV 
is  available.  The  photoelectrons  were  energy-ana lyzed  with  a  PHI  double¬ 
pass  cylindrical  mirror  analyzer  (CMA )  set  to  0.3  eV  resolution  and  the 
spectrum  recorded  using  a  Tracor-Northern  Digital  Signal  Averager.  Au 
deposition  was  made  by  one  of  two  methods:  (1)  by  rotating  the  sample 
through  a  stream  of  Au  emerging  from  an  evaporator  consisting  of  a  shield 
and  a  Au  bead  suspended  on  W  wire,  and  (2)  by  placing  the  sample  in  front 
of  an  evaporator  and  opening  a  shutter.  To  avoid  heating  of  the  sample 
surface  in  method  2,  the  shutter  was  never  left  open  for  more  than  20  sec 
(typically ,  10  sec  exposures  were  used).  The  evaporation  rates  were  mon¬ 
itored  in  method  2  by  means  of  a  quartz  crystal  thickness  monitor  placed 
to  the  side  of  the  evaporator  in  front  of  an  opening  cut  in  the  side  of 
the  evaporator  shield.  This  monitor  was  previously  calibrated  in  a  sep¬ 
arate  pump-down  against  another  placed  in  front  of  the  evaporator  near 
the  sample  position.  The  coverage  in  monolayers  («?)  is  then  determined 
from  the  A's  of  Au  evaporated,  with  1  monolayer  defined  to  be  one  Au 
atom/surface  atom.  Evaporation  rates  were  not  monitored  in  method  1, 


26 


but  very  rough  estimates  may  bo  made  from  the  current  input  to  the  evap¬ 
orator  since  the  evaporation  rate  was  subsequently  calibrated  with  the 
quartz  oscillator  as  a  function  of  current  input. 

Pressure  during  evaporation  was  generally  <  10~9  torr .  AES  on  a 
different  portion  of  the  surface  from  that  studied  in  photoemission  showed 
no  contamination  fr m  oxygen  or  carbon.  The  ion-profiling  experiments 
were  performed  in  a  system  manufactured  by  Varian  Associates  and  used  a 
single-pass  C.MA  as  the  energy  analyzer. 

In  photoemission  spectroscopy,  it  is  important  to  be  able  to  estab¬ 
lish  a  meaningful  reference  level  to  set  the  energy  scalo.  In  these  ex¬ 
periments,  reference  spectra  were  taken  from  Au  evaporated  onto  a  stain¬ 
less  steel  substrate  attached  to  the  same  sample  carousel  as  the  semicon¬ 
ductors.  The  sample  carousel  is  grounded  to  the  analyzer.  The  electron 

energy  (Eq)  measured  is  relative  to  the  Fermi  energy  E  of  the  ana- 

F 

lyzer .  The  binding  energy  relative  to  E  ,  EF,  is  then 

F  B  ’ 


where  hv  =  photon  energy  and  0^  =  work  function  of  analyzer.  The  loca¬ 
tion  of  Ef  (and  hence  C^)  may  bo  found  from  the  Fermi  edge  of  the  Au 
reference.  However,  in  a  semiconductor,  Ep  is  not  the  best  reference 
level,  as  it  shifts  around  in  the  band  gap  at  the  surface,  duo  to  changes 
in  band-bending  and  type  (n  or  p)  of  semiconductor.  Nor  is  the  vacuum 
level  a  good  reference,  as  electron  affinities  are  not  well  known  and 
also  change  with  the  addition  of  adsorbates.  The  binding  energy  of  a 
core  level  in  a  semiconductor  does  not  change  with  band-bending  when 
measured  relative  to  the  valence  band  maximum  (VBM)  at  the  surface,  and 
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we  shall  use  th<«  binding  energy  E™ .  However,  when  the  semiconductor 

dissociates  and  tne  individual  components  become  metallic,  the  meaningful 

reference  level  becomes  the  metal  Ep.  Thus,  one  needs  to  be  careful  in 

interpreting  spectra  from  mixed  metallic  and  semiconducting  states  and  in 

comparing  binding  energies  made  on  metals  and  semiconductors  (e.g.,  Gu 

metal  and  Ga  in  GaAs).  It  is  important  to  remember  that  EF  in  a  semi- 

B 

conductor  may  vary  from  sample  to  sample,  whereas  Emi  is  constant. 

B 

Thus,  the  band-bending  of  a  semiconductor  with  small  amounts  of  adsorbates 

may  be  followed  using  the  movement  of  the  core  level  since  O’  is  very 

A 


stable.  That  is,  from  (1),  .AEg  =  .  At  higher  coverages,  other  fac¬ 

tors  need  to  be  considered,  e.g.,  charge  transfer,  changes  in  screening, 
conversion  into  metallic  form  due  to  dissociation,  and  so  on,  which  will 

give  extra  contributions  to  £EF. 

B 

At  the  lower  photon  energies,  Ep  and  its  position  relative  to  the 
VBM  may  be  very  accurately  determined.  Our  procedure  is  to  use  photo¬ 
electron  energy  distribution  curves  (EDO's)  at  hv  =  10.2  eV  to  study 
Ep  movement  and  locate  the  VBM.10  The  electron  escape  depth  is  a  func¬ 
tion  of  electron  kinetic  energy20  and  is  relatively  long  (**  20  A)  near  10 


eV  but  is  short  compared  to  the  depletion-layer  width  of  several  hundred 
angstroms  at  the  doping  levels  used  here.  Thus,  bulk  band  structure  fea¬ 
tures  remain  up  to  relatively  thick  coverages  of  adsorbates.  By  aligning 
the  bulk  peaks,  the  amount  of  Ep  movement  can  be  measured  by  locating 
Ep  on  the  different  spectra  using  the  Au  reference.  The  position  of  E 
relative  to  the  VBM  is  obtained  from  the  clean  sample.  The  VBM  on  the 
more  heavily  Au  covered  surface  where  VBM  U  masked  by  Au  emission  can 

be  obtained  from  knowledge  of  Ep  movement  obtained  from  the  10.2  eV 
EDO's. 
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III.  Results 


A .  SXPS  Spectra 

Figures  1,  2,  and  3  show  SXPS  spectra  (taken  on  the  -1°  beam 
line)  of  the  outer  core  leveis  of  Au  and  the  rn-v  semiconductor  sub¬ 
strates  as  the  AU  coverage  is  gradually  increased.  Evaporation  method 
1  .ns  used.  Parts  of  Figs.  1  and  3  have  been  published  in  a  previous 
paper'0  in  some.bat  less  detail.  These  samples  are  all  n-type.  The 
photon  energies  used  .ere  165  eV  for  CaAs  ,  120  eV  for  GnSb,  and  120  eV 
for  the  In-Ad  and  165  eV  for  P-2p.  At  165  eV,  the  cross  section  for 
Au— If  is  much  larger  than  at  120  eV,  and  the  escape  depth  for  the  pho¬ 
toelec  irons-1  is  also  shorter  (4  vs  10  A  at  120  eV>.  However,  the 
4d  c-oss  section  is  very  small  at  165  eV-the  Cooper  minimum23--, hus . 
it  .us  necessary  to  use  the  lower  photon  energy  for  studying  GnSb.  The 
escape  depths  of  the  core  levels  presented  here  are  all  estimated  to  be 
between  a  to  10  A,  based  on  escape  depth  curves  published  by  Pianetta 

22  o 

et  al  and  Lindau  and  Spicer."1  Thus,  SXPS  is  extremely  surface  sen¬ 
sitive  (the  escape  depths  here  may  be  compared  to  those  for  ESCA  which 
are  generally  >  20  A) .  Immediately  obvious  from  Figs.  1,  2,  and  3  is 
that,  while  for  GaAs  and  InP  both  anion  and  cation  core  level  emissions 
decrease  at  roughly  the  same  rate  until  a  residual  level  is  reached,  for 
GaSb,  the  Ga  emission  is  attenuated  as  Au  is  deposited  and  decreases 
rapidly,  while  the  Sb  emission  remains  strong.  This  increase  in  the 
Sb'Ga  ratio  is  already  quite  pronounced  at  a  few  monolayers  coverage. 

Chye  et  al  interpreted  the  Au-GaSb  spectra  as  showing  selective 
removal  of  Sb  from  the  interface  such  that  a  layer  of  Sb  "floats"  to  the 
surface  of  the  Au.  One  can  give  an  explanation  of  this  based  on  known 


29 


Ga  Sb  +  Au 
'fiai  =  120  eV 

Ga-3d  Au-5 


Au-4f  Sb-4d 

^ta8ev,, 


5  30  20  10  VE 

3INDING  ENERGY  (eV) 


or 


N (E)  (ARBITRARY  UNITS) 


BINDING  ENERGY  (  eV) 


Fig.  2.  PHOTOEMISSION  SPECTRA  TAKEN  AT  A  PHOTON  ENERGY  OF  165  eV 
FOR  GaSb  WITH  DIFFERENT  Au  COVERAGES. 
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bulk  properties.  In  bulk  GaSb,  it  is  well  known”  ”  that  crystals  tend 
to  grow  nonstoichiometric  with  an  excess  of  Ga .  "Hius  ,  GaSb  may  favor  re¬ 
moval  of  the  Sb  at  the  surface.  It  is  also  well  known  from  alloy  stud- 
28 

ies  that  the  surface  composition  is  different  from  the  bulk  composition 
in  an  alloy  and  that  the  component  with  the  smallest  surface  free  energy 
is  normally  enhanced  at  the  surface.  Thus,  the  Sb  the  GaSb  gave  up  upon 
Au  deposition  moves  to  the  surface  since  it  has  the  smallest  surface  free 
energy.  Some  caution  must  be  exercised  since  the  system  studied  here  is 
a  very  thin  film  and  equilibrium  probably  has  not  been  attained.  There¬ 
fore,  bulk  phase  diagrams  and  properties  can  only  serve  as  rough  guides. 
Semiconductor  components  are  also  present  on  the  surface  of  Au-GaAs  and 
Au-InP  and  may  be  there  for  the  same  reason  of  minimizing  the  surface 
free  energy. 

At  thick  Au  coverage,  there  is  an  apparent  enhancement  of  the  As/Ga 
ratio.  This  may  be  due  to  a  preferential  removal  of  As  from  the  semicon¬ 
ductor  or  may  be  due  to  several  factors  which  become  important  as  the  Au 
thickness  becomes  appreciable.  One  factor  is  the  relative  solubility  of 
the  semiconductor  elements  in  the  Au  layer.  Another  factor  is  the  rela¬ 
tive  tendency  to  form  compounds  or  alloys  with  the  Au .  A  third  factor  is 

the  relative  diffusion  rate.  This  last  factor  is  quite  unlikely  here  as 

29 

Ga  diffuses  rather  rapidly  in  Au .  It  seems  more  likely  that  Ga  form 
compounds  or  alloys,  thus  remaining  in  the  Au  layer.  One  may  conclude 
from  the  increase  in  As/Ga  ratio  that  at  least  partial  dissociation  of 
Ga  from  As  has  occurred.  It  is  also  important  to  realize  that,  on  GaSb, 
the  Sb/Ga  enhancement  is  apparent  at  low  coverages  when  the  complicating 
factors  mentioned  above  are  not  yet  significant.  Thus,  while  it  is  clear 
that,  on  Au-GaSb,  Sb  is  removed  preferentially,  it  is  more  difficult  to 
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t.U  o„  CaAs  whether  preferential  “  h‘S  ^  PlaCe-;e 

pr«se„t  *«  ^ near — —  "•  -  °rter  to  study;i 

.  th  lon  depth  profiling  studies  «ere  mado  and  tie 

composition  versus  depth,  ion  P 

results  shown  in  Figs.  4  and  5. 

„.thod  2  was  used  without  a  thickness  monitor.  The 
Evaporation  method 

_  ^,50  to  70  A  based  on 

.  .  u_  pie  4  is  known  to  be  ao  v 

amount  of  Au  evaporated  in  Fig . 

,  the  same  evaporator  after  this  depth  profile  was 
a  calibration  run  using  the  same  evap 

.  ,  rtn  the  surface  at  a  grazing  angle  near 

taken.  The  ion  beam  is  incident  on  the 

^  Ar+  current  density  is  measured  using 

80°  (normal  Incidence  = 

i  53  5°  to  the  beam.  A  simple  geometrical 

a  Faraday  cup  at  an  angle  of  ^.5 

.  calculated  from  sputtering 

nnnl1pd  The  sputtering  rate,  caicu 

correction  was  applied.  in 

30  *  <>  \  X/tuin  •  The 

yields  for  Au  In  the  literature  for  1  keV  Ions, 

profile  was  measured  after  th.  Au-cover.d  sample  «  “  “*  " 

vacuum  (2  X  10_1°  torr)  for  20  hr. 

The  profile  unambiguously  shows  a  layer  of  Sb  forming 

in  the  form  of  Sb  metal,  AuSb  ,  *  mixture 
monolayers.  This  layer  may  be  in  the 

..  v  slnce  the  increase  in  Au  signal  is  slight 
of  the  two,  or  an  Sb-Au  alloy.  Since 

a  it  is  likely  that  Au  is  present  in 

as  the  top  layer  Is  sputtered  away,  It 

■rent  Interface  width  W0  to  10  percent  Au)  Is 
this  top  layer.  The  apparent  interia 

H  nlne  factors.  Broadening  due  to  finite  escape 

110  A,  neglecting  broadening  factor 

depth  is  small  « *  A,  and,  at  the  glancing  Ion  Incidence  used  here, 

knock-on  mining  effects  should  he  less  Important,  m  any  event,  even 

silowing  for  a  30  A  broadening  due  to  knock-on,  the  Interface  Is  s 

quite  wide.  U  Is  possible  that  substantia!  Interring  of  semlconduc  o, 

and  AU  has  occurred  at  room  temperature.  Ope  other  broadening  factor 

,  nt  here  is  the  well  known  tendency  of  Au  to  form 
which  may  be  important  he 

„  .  ..  If  the  Au  film  were  nonuniform  in  thickness, 

islands  or  clump.  If 
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DEPTH  (A) 


SPUTTERING  TIME  (min) 


r  5  COMPOSITIONAL  DEPTH  PROFILE  OF  Au  COVERED  GaAs 
OBTAINED  USING  AUGER  ELECTRON  SPECTROSCOPY  IN 
rnvraTMATTnN  WTTH  ARGON  ION  ETCHING. 


the  interface  would  appear  broadened.  This  "clumping”  may  not  be  very 

pronounced  at  room  temperature.  The  existence  of  region  A  in  Fig.  4  also 

argues  against  significant  "clumping."  In  this  region,  the  Gn  signal 

strays  constant  while  the  Sb  signal  increases  steadily.  This  region  also 

was  observed  oil  a  second  Au-GaSb  sample  with  thicker  Au  coverage.  If 

there  was  clumping,  then  one  should  just  observe  a  steady  increase  in 

both  the  Ga  and  Sb  signal.  (If  such  a  steady  increase  were  observed  as 

in  Fig.  5,  one  would  not  be  able  to  distinguish  between  broadening  by 

intermixing  or  by  "clumping.")  In  this  region,  too,  nonstoichiometry  is 

likely  since  one  semiconductor  component  is  steadily  increasing  while  the 

other  is  constant.  This  region  is  roughly  30  A  wide.  For  comparison, 

the  depth  profile  for  Au-GaAs  is  shown  in  Fig.  5.  The  sputtering  rate 

is  6.7  A/min.  Here,  nothing  similar  to  region  A  is  seen.  Other  work- 
31-33 

ers  have  also  studied  Au-GaAs  depth  profiles  with  various  techniques 

and  observed  interdiffusion,  particularly  at  high  temperatures.  In  gen¬ 
eral,  more  Ga  than  As  was  found  to  be  on  the  surface.  For  example,  Hiraki 
33 

et  al  studied  Au  overlayers  on  semiconductors  and  insulators  and  found 
that,  at  room  temperature,  the  surface  is  Ga  rich,  with  an  "alloyed"  in¬ 
terface  while,  for  Au-insulator  systems,  the  interface  is  sharp.  Figure 
3  shows  the  presence  of  both  Ga  and  As  on  the  surface,  with  somewhat  more 
As  at  the  higher  coverages.  The  discrepancy  may  be  explained  by  differ¬ 
ence  in  initial  surface  preparation  (Hiraki  et  al33  used  ion-sputter  and 
anneal  methods  rather  than  cleaving),  by  a  probable  difference  in  crystal 
face  (which  they  did  not  specify  but  was  not  likely  to  be  (110)),  and 
possibly  by  differences  in  Au  evaporation  techniques.  The  most  signifi¬ 
cant  thing  in  their  findings  is  the  absence  of  an  "alloyed"  interface  on 
insulators.  Further  discussion  will  be  postponed  till  Section  IV. 
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, ,  Plffg  i  2,  and  3  shows  that  some  levels  are 

A  close  examination  of  Figs.  , 

shifted,  and  some  are  broadened.  The  Au-4f?/2  level  has  a  binding  enorgv 

(BE)  of  84  eV  relative  to  Ep  at  thick  coverages,  in  agreement  with 

.11.  Au  However,  at  low  coverages,  the  4f's  have  a 
measurements  on  bulk  Au .  However, 

1aree  as  0.8  eV  on  GaSb ,  possibly  larger 
higher  BE.  This  increase  is  as  large 

.«  ,tlll  lower  coverages.  The  shift  Is  0.6  eV  on  CaAs  (partially  -.M 
by  band -bending:  these  spectra  are  plotted  with  the  VBM  aligned,  and 
0.3  eV  on  InP.  As  .ill  be  shown  below,  at  low  coverages,  the  An  is  In 
a  dispersed  or  "atomic-Uhe"  state.  Thus,  It  appears  that  the  Au-4fs 
are  higher  in  06  relative  to  Ep  by  >0.6  eV  in  the  dispersed  or  "aton- 
Ic-llbo"  state  and  wove  continuously  toward  lower  BE  as  wore  Au  is  de¬ 
posited.  The  Shift  of  a  core  level  way  be  due  to  chemical  effects  such 
as  charge  transfer  or  due  to  configuration  changes  or  differences  in 
screening  and  relaxation.  Since  Au  Is  unite  electronegative,  shifts 
due  to  chemical  effects  should  be  towards  higher  BE  as  bulh  Au  is  formed  , 
SO  the  observed  shift  is  probably  due  to  changes  In  screening  and  relax- 

a  t ion . 

,  .  „  via.  i  E  appears  to  be  pinned  near  mid- 

On  the  GaSb  cleave  of  fig.  i.  ljF 

,  •  whilf>  E  is  usually  unpinned  on  n-GaSb ,  occasion- 

gap  after  cleavuig.  While  «  umu.  y 

■  „ j no,  oil* her  over  the  whole  crystn.1  sur 
ally,  extrinsic  states  cause  pinning  eithe 

face  or  over  parts  of  it,  as  In  Elg  .  9.  As  Au  coverage  is  Increased, 
there  Is  little  dhange  In  the  position  of  tho  core  peahs  relative  to  VBM, 
There  may  be  a  small  shift  (-0.2  eV)  of  the  Sb-4d  towards  higher  BE, 
hut  It  is  difficult  to  be  certain  with  the  present  experimental  resolu¬ 
tion.  The  full  width  at  half  maximum  (FORK)  of  these  levels  also  show 
negligible  change.  The  Sb-4d5/2  In  metallic  bb  has^i 

(referred  to  B>  according  to  ESCA  measurements .3°  Here ,  tho  surf ace 
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and  ,  for 


Sb-4d jj/2  has  a  binding  energy  of  31.9  eV  (relative  to  E  ) 

P' 

clean  GaSb,  a  binding  energy  of  31.6  eV  (relative  to  VBM) .  The  differ¬ 
ence  in  BE  between  ESC!  and  the  present  measurements  Is  within  experl- 
mental  uncertainties,  so  It  Is  not  possible  to  tell  whether  Sb,  AuSb, , 
or  an  alloy  Is  at  the  surface.  However,  the  relatively  strong  Intensity 
of  the  Au  emission  and  the  absence  of  bulk  Au  structure  favor  Ausb,,  or 
an  alloy,  with  perhaps  some  metallic  sb  mixed  in.  Although  the  bulk 
Phase  diagram36  for  Au-Sb  Indicates  that  only  sb  ♦  AuSb,  Is  possible  at 
high  concentration  of  Sb  at  room  temperature,  the  surfaoe  phase  diagram 

is  likely  to  be  different.  In  addition,  the  present  system  may  not  have 
reached  equilibrium. 

In  GaAs,  the  Ga-3d  and  As-3d  levels  are  broadened  by  ~0.5  eV  (FWHM) 
for  this  particular  cleave  Immediately  after  cleaving  although  most  GaAs 
cleaves  do  not  show  this.  This  is  a  good  example  of  inhomogeneous  band¬ 
bending  over  the  surface.  Further  examples  will  follow  in  the  next  sub¬ 
section.  This  pinning  due  to  extrinsic  states  from  the  cleaving  process 
has  caused  considerable  confusion  in  the  past,  leading  to  erroneous  con- 
dusions^that  intrinsic  sur^ce  states  are  responsible  for  the  SB  pin¬ 
ning.  The  inhomogeneity  in  band-bending  disappears  with  the  addition 
of  Au,  since  Au  causes  pinning  at  the  same  energy  position  over  the  en¬ 
tire  surface.  Thus,  the  core  levels  narrow  with  Au  deposition.  There 
is  no  observable  change  in  the  peak  position  of  either  core  level  (rela¬ 
tive  to  VBM)  although,  at  thick  Au  coverage,  a  tail  toward  higher  BE  in 
the  As -3d  can  be  clearly  seen.  This  tail  falls  at  the  right  energy  for 
bulk  As -3d ,  which  has  slightly  higher  binding  energy.  Once  again,  since 
valence  band  spectra  (Figs.  13  and  16)  show  that  bulk  Au  is  not  present 
at  the  surface,  the  surface  layer  is  likely  to  be  As,  Ga-Au  alloys,  or 
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compounds  such  as  AuGa0  or  AuGa ,  and  perhaps  some  free  Ga .  The  surface 
composition  is  probably  such  that  the  surface  free  energy  is  minimized. 
Our  preliminary  data  on  Ga  +  GaAs  indicate  that  the  BE  of  Ga-3d  in  Ga 
metal  (relative  to  E„)  is  close  to  that  for  Ga-3d  in  GaAs  (relative 
to  VBM) ,  so  any  Ga  metal  here  would  be  difficult  to  distinguish. 

For  InP,  the  behavior  of  the  P  level  with  Au  deposition  indicates 
the  possible  presence  of  free  P.  The  P-2p  level  broadens  by  ~0.4  eV 
(FWHM)  with  the  addition  of  several  monolayers  of  Au  and,  at  thick  cov¬ 
erage,  the  peak  position  has  shifted  by  0.8  eV  towards  higher  BE.  No 
such  broadening  is  observed  in  the  In-4d  level,  although  a  shift  by  0.8 
eV  towards  lower  BE  is  observed.  Once  again,  valence  band  spectra  in¬ 
dicate  formation  of  compounds  or  alloys  of  Au .  These  are  probably  Au-In 
alloys  or  compounds  such  as  Auln2  or  Auln,  and  the  lack  of  broadening 
indicates  that  there  is  one  dominant  compound  or  alloy.  However,  the 
broadening  of  the  P-2p  indicates  the  presence  of  (at  least)  two  differ¬ 
ent  species  of  P — possibly  free  P  and  a  Au-P  alloy.  There  is  a  sugges¬ 
tion  of  excess  P  since,  even  though  the  P  amplitude  decreases  at  roughly 
the  same  rate  as  In,  it  is  broadened.  This  may  be  due  to  a  true  excess 
of  P  removed  from  the  semiconductor  since  this  excess  is  already  observed 
at  several  monolayer  coverage. 

The  important  conclusions  to  be  drawn  /rom  this  subsection  is  (1) 

Au  interacts  strongly  even  at  room  temperature  with  the  semiconductor 
when  deposited,  causing  large  amounts  of  intermixing  with  some  surface 
enhancements,  (2)  the  semiconductor  material  removed  from  the  crystal 
may  be  partially  or  totally  dissociated  and  may  remain  in  the  free  state 
or  form  compounds  or  alloys  with  Au,  and  (3)  the  semiconductor  components 
may  be  removed  nonstoichiometrically ,  and  the  excess  elements  appear  to 


be  Sb  and  (to  a  lesser  extent)  P  In  GaSb  and  InP,  respectively.  Ga  and 
As  appear  to  be  removed  in  nearly  stoichiometric  amounts  in  GaAs  . 

B.  UPS  and  CFS  Spectra 

From  previous  work,16*3  one  knows  that  a  small  fraction  of  a 
monolayer  of  Cs  can  cause  Ep  pinning  on  GaSb.  Rowe  et  al's  experi¬ 
ments16,17  for  group  III  metals  on  Si  (111)  (7x7)  indicate  that  70  per¬ 
cent  of  E  stabilization  takes  place  for  the  first  monolayer  of  metal 

F 

coverage.  It  is  therefore  extremely  important  to  follow  the  pinning 
change  and  the  surface  electronic  structure  for  the  first  monolayer  of 
metal  coverage.  With  the  photon  energies  available  on  the  8°  line  at 
SSRL  (5  to  35  eV) ,  one  can  carry  out  such  studies  easily.  In  this  sub¬ 
section,  unless  otherwise  noted,  Au  deposition  method  2  was  used. 

In  Figs.  6,  7,  and  8,  the  position  of  Ep  in  the  band  gap  as 
a  function  of  Au  coverage  is  plotted  for  the  three  semiconductors  stud¬ 
ied.  The  most  striking  thing  is  the  extreme  sensitivity  of  Ep  to  Au. 
It  is  apparent  that,  for  coverages  <0.2  monolayer,  Ep  has  already 
stabilized  near  the  positions  for  bulk  Au  on  cleaved  surfaces  reported 
by  Mead  and  Spitzer.1  This  sensitivity  is  high  both  for  GaSb  and  InP, 
which  are  unpinned  here  after  cleaving,  and  for  GaAs,  which  has  E^, 
pinned  at  midgap.  (Occasionally,  on  good  cleaves,  E^,  on  GaAs  is 
unpinned.13)  It  is  perhaps  more  accurate  to  refer  to  GaSb  as  mostly 
unpinned  after  cleaving,  since  band-bending  varies  over  the  surface  with 
most  areas  being  unpinned.  This  will  be  discussed  below.  The  behavior 

of  E  on  GaSb  with  adsorbate  is  similar  to  that  observed  for  Cs  on 
F 

Gagb37  where  ~0.1  monolayer  is  sufficient  to  pin  E^  at  the  VBM.  The 
barrier  height  is  similar  to  that  of  Au-GaSb,  even  though  these  metals 
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VBM 


Fig.  6.  POSITIONS  OF  THE  SURFACE  FERMI  LEVEL  RELATIVE  TO 
THE  VALENCE  BAND  MAXIMUM  ON  GaSb,  PLOTTED  AS  A  FUNCTION 
OF  Au  COVERAGE. 
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VALENCE  BAND  MAXIMUM  ON  InP,  PLOTTED  AS  A  FUNCTION  OF  Au 
COVERAGE . 
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h‘Ve  Very  dl,ferent  —-—vines.  The  tarrlcr  helshts  on  {he 
other  two  semiconductors  ere  slightly  lo,er  tor  Cs  than  tor  the 
difference  Is  ?0.2  eV,  however. 

V/e  have  established  here  that  cn 

a  nere  that  <0.2  monolayer  of  Au  at  room 

temperature  Is  sufficient  to  stabilise  Ep  near  the  bulk  metal  overlay. 

Position  so  that  a  microscopic  or  "atomic-scale"  „del  Involving  a  very 

small  number  of  states  _ i  j 

e  to  explain  the  experimental  observa¬ 
tions.  This  Is  important  since  practical  a 

P  actical  devices  are  made  with  bulk  mo¬ 
th!  over  layers ,  b„  the  relevant  layer  Is  the  first  0.2  raollytr  „  us, 

"  that  one  needs  to  concentrate  on  understanding  the  first  few  monolay- 

1S.  Of  course,  only  part  of  the  difficult  problem  in  the  study  «... 
The  electrical  behavior  Ce.g.,  departure  fro.  ideality,  „  +  u ,  averse 
-rrent  characteristics,  and  degradation  of  the  barrier  may  all  be  re¬ 
nted  to  the  complex  phenomena  at  thick  layers  such  as  widening  of  the 

interface ,  enhanced  Interring,  compound  formation  i„  the  metal  layer 
and  so  on.  ’ 

At  ..u  >  25  eV,  the  semiconductor  valence  band 

a^ence  band  matrix  elements 

and  the  photoelectron  escape  depth  decrease.  On  the  other  h  h 

i:ne  °ther  hand,  the  Au 

a-d  matrix  elements  increase  Th«a  « 

crease.  These  factors  enable  small  amounts  of  Au 

to  be  easily  observed  t* 

•  daually  important  to  know  whether  the  Au  Is 

"  dlSPerS6d  “*  SUrfl,Ce-  ^  development  of  the  Au-5d 

one  can  gather  such  informal.  from  photoemlssion  work  on  Au 

'  18  k"°™  *“  «  «1  dispersed  as  in  „  dl_ 

1Ute  AU  aU°y'  ^  SPUt“-  —  -  reduced  from  the  bulk 

value  of  2.3  eV  unm  u  . 

pproac  es  the  value  for  atomic  Au  (1.5  eV).  m 

addition,  there  is  a  shift  towards  higher  binding  « 

S  bindinS  energy  of  these  bands. 
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Therefore,  the  Au  distribution  mo.y  be  probed  by  following  the  details  of 
the  5d  bands.  If  Au  islands  of  appreciable  size  form,  then  one  would  ex¬ 
pect  to  see  bulk  Au  valence  bands  ,  which  includes  a  shoulder  to  the  lower 
binding  side  of  the  upper  d-band  and  larger  splittings  (>2  eV)  of  the 
3d-peaks .  Because  of  band  structure  effects  at  these  photon  energies, 
the  splitting  of  the  peaks  in  the  5d  bands  is  a  function  of  photon  en¬ 
ergy  ,  The  splitting  at  ftu  =  21  eV  is  small  (2.0  eV ,  Fig.  16),  but 
a  very  strong  shoulder  is  present  on  the  low  binding  side  of  the  upper 
5d-peak.  The  splitting  at  28  eV  is  larger— 2.3  eV— but  the  shoulder  is 
less  pronounced.  This  shoulder  is  characteristic  of  pure  bulk  Au  at 
these  photon  energies.  In  Figs.  9  and  11,  one  can  see  that  the  split¬ 
ting  for  <0.2  monolayer  is  1.7  and  1.6  eV  for  GaSb  and  InP,  respectively. 
The  splitting  for  0.17  monolayer  of  Au  on  GaAs  is  larger — 1.9  eV — but 
still  i3  le33  than  the  bulk  value.  The  shoulder  mentioned  above  is  also 
absent .  Thus  ,  we  may  conclude  that ,  when  E^,  has  stabilized,  the  Au  on 
the  3urface  is  still  well  dispersed  and  has  not  formed  large  ’’clumps"  so 
that  it  remains  rather  "atomic-like." 

This  observation  makes  all  "jellium"  theories  of  SB's  suspect. 
Obviously,  there  can  be  no  bulk  metal  wave  function  tails  that  penetrate 
into  the  semiconductor;  rather,  any  theories  would  have  to  depend  on  a 
much  more  "atomic"  model  of  the  metal  atom.  At  higher  coverages,  the 
splitting  increases,  but  the  valence  bands  still  do  not  resemble  bulk 
Au,  with  the  shoulder  still  absent.  This  is  especially  clear  in  the  21 
eV  EDO's  shown  later  in  thi3  section.  This  is  due  to  the  formation  of 
compounds  or  alloys  with  the  semiconductor  components,  so  the  Au  atoms 
do  not  assume  the  lattice  structure  of  metallic  Au. 
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Fig.  11.  EDC'S  OF  InP  AT  A  PHOTON  ENERGY 
OF  30  eV  AS  A  FUNCTION  OF  Au  COVERAGE. 
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Another  w»iy  to  determine  the  d  lepers  ton  of  the  An  atoms  Is  to 
look  for  nonuniform  bond-bond  Ing ,  l.o.,  "patch"  of  foots,  from  the  broad¬ 
ening  or  the  Cm  or  In  levels.  ir  An  "clumps,"  then  pinning  will  bo  non- 
untform  over  the  surface  and  the  core  levels  will  be  broadened.  This 
method  works  extremely  well  when  K  changes  In  energy  position  by  large 
values  wtth  deposition  of  An.  A  striking  example  of  the  effects  of  non- 
uniform  bund-bend  tag  Is  the  clean  (InSb  surface  studied  here.  In  Ftg.  9, 
there  Is  a  tall  on  the  low  BE  side  of  the  fia-lld  level  (shaded  area),  due 
tit  emission  from  portions  of  the  surface  where  K  Is  pinned.  The  dep¬ 
osition  of  0,15  monolayer  of  An  caused  the  tails  to  disappear,  suggesting 
that:  the  pinning  has  become  uniform  over  the  surface,  once  again  indicat¬ 
ing  that  the  An  Is  well  dispersed  over  t  lie  surface.  The  OFS  spectra  (Ftg. 
17^  also  show  this. 

Observation  of  the  core  levels  show  that,  the  In— Id  level  moves 
upward  towards  lower  11K  ns  An  ts  added  and,  at:  *1.1  monolayers,  lias  shifted 
up  by  0,5  eV ,  loss  than  the  O.rt  oV  observed  In  SXPS  at  much  higher  cover¬ 
age.  This  possibly  Is  because  a  more  dilute  In-Au  alloy  shows  a  larger 
In— Id  shift  and  may  Indicate  formation  of  a  Au-tn  alloy.  The  Ga-5d  levels 
on  ib«>  othot  two  semiconductors  appear  to  have  no  resolvable  shift. 

Figures  1- ,  15,  and  1.1  show  the  EDO's  of  GaAs ,  GaSb,  and  InP  at: 
111.  oV  at  various  Au  coverages.  At  21  eV,  the  matrix  elements  of  the  semi¬ 
conductor  valence  Uxnd  are  much  larger  than  at  50  eV  while  the  Au  5d  ma¬ 
trix  elements  decrease.  There  Is  the  question  of  whether  submono  la  .vers 
(or  oven  several  monolayers)  of  mef.nl  atoms  can  bo  considered  as  metallic. 
One  common  feature  In  these  spectra  Is  the  absence  of  a  Au  Fermi  edge  near 
K  up  to  about,  two  monolayers.  To  show  this  more  clearly,  the  top  5  oV 
of  Ftg.  14  ts  reproduced  tn  Ftg.  15.  Note,  In  particular,  the  lack  of 
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14.  EDO'S  OF  InP  AT  A  PHOTON  ENERGY' 
21  eV  AS  A  FUNCTION  OF  Au  COVERAGE. 
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Fig.  15.  TOP  3  eV  OF  THE  InP  VALENCE  BAND 
AT  A  PHOTON  ENERGY  OF  21  eV  AS  A  FUNCTION 
OF  Au  COVERAGE . 
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emission  near  E^,  below  1.1  monolayer  when  the  barrier  is  already 
formed.  Since  the  escape  depth  near  E  for  hu  =  21  eV  is  -10  A, 
there  should  be  sufficient  surface  sensitivity  to  detect  any  emission. 
This  further  argues  against  a  "jellium"  type  model  of  the  SB.  The  evi¬ 
dence  is  that  the  adlayer  does  not  become  metallic  till  coverages  of  4 
to  5  monolayers,  quite  possibly  because  of  intermixing  or  diffusion. 
Emission  in  the  band  gap  is  gradually  appearing  at  0.6  monolayer  and 
is  probably  from  the  Au  6s  electrons.  At  coverages  near  half  a  mono- 
layer,  the  structure  in  the  semiconductor  valence  bands  have  disappeared, 
indicating  that  the  surface  layers  have  become  severely  disordered  and 
possibly  amorphous.  Note  that  the  Au  emission  at  0.6  monolayer  is  not 
sufficiently  strong  to  mask  the  semiconductor  valence  band  emission; 
note  too,  at  several  monolayers,  the  emission  from  the  top  3  eV  in  the 
EDC  is  from  both  Au  and  the  semiconductor  components,  as  the  emission  is 
much  higher  than  is  observed  for  Au .  The  EDC's  at  ttw  =  21  eV  for 
thicker  coverages  deposited  using  method  1  for  these  semiconductors  are 
shown  together  with  one  for  Au  in  Fig.  16.  The  striking  thing  is  that, 
even  for  fairly  thick  layers,  the  Au-5d  bands  from  the  over layers  still 
do  not  closely  resemble  that  from  Au — note  the  absence  of  the  shoulder 
mentioned  previously.  The  metal  Formi  edge  is  well  established  in  these 
EDC's . 

We  have  supplemented  our  photoemission  measurements  with 

8  9 

constant  final  state  spectroscopy  ’  (CFS).  In  CFS ,  one  monitors  the 
secondary  electron  yield  at  a  constant  final  state  energy  (constant  re¬ 
tarding  voltage)  while  varying  the  photon  energy  incident  on  the  sample. 

At  photon  energies  which  cause  transitions  from  the  Ga  or  In  d  levels,  d 
core  holes  are  created.  Recombination  of  electrons  with  these  holes 
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gives  rise  to  secondary  Auger  electrons  whose  final 


state  energy  does 


not  change  with  photon  energy.  The  final  state  energy  chosen  here  is 
4  eV. 

In  Figs.  17,  18,  and  19,  CFS  spectra  for  GaSb,  GaAs ,  and  InP 
are  shown.  The  double  peak  structure  near  19  eV  are  believed  to  be 
excitonic  levels  involving  transitions  from  the  spin  orbit  split  anion 
d-core  level  (Ga-3d  and  In-4d)  and  empty  states— possibly  surface  states- 
above  the  conduction  band  minimum.40  The  energy  necessary  to  cause  a 
transition  into  them  is  lowered  by  the  exclton  binding  energy  (~0,5  to 
1.0  eV).  The  transition  strength  is  matrix  element  dependent.41  The 
broad  peaks  at  higher  photon  energies  are  due  to  transitions  into  the 
bulk  conduction  band,  reflecting  the  density  of  states.  At  still  higher 
photon  energies  in  Figs.  17  and  19,  the  sharp  peaks  are  due  to  sweeping 

of  the  core  d-level  (primary)  photoelectrons  through  the  final  state 
energy  of  4  eV. 

In  Fig.  1/,  the  Ga-3d  peak  near  28  eV  shows  the  tail  (shaded) 
mentioned  earlier  (Fig.  9),  After  0.15  monolayer  of  Au,  the  peak  shifts 
by  0.6  eV  due  to  movement  of  Ep  by  that  amount,  and  the  tail  disappears 
since  pinning  is  now  uniform  over  the  surface  (see  earlier  discussion  on 
Fig.  9).  Further  deposition  of  Au  fails  to  cause  any  extra  E  movement, 
once  again  demonstrating  that  pinning  is  complete  at  0.15  monolayer. 

Note,  however,  that,  even  though  pinning  is  complete  at  0.15  monolayer, 
the  surface  excltons  are  little  affected  and,  in  particular,  remain  at  the 
same  energy,  showing  that  the  final  states  are  not  shifted  by  the  pres¬ 
ence  of  Au.  By  0.9  monolayer,  however,  much  of  the  excitonic  structure 
has  disappeared.  The  coverage  for  exciton  extinction  appears  slightly 
higher  for  the  other  two  semiconductors;  but,  when 


pinning  is  complete, 
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g.  18.  CONSTANT  FINAL  STATE  SPECTRA  OF  GaAs  AS  A 
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the  excitons  are  little  affected.  Note  that,  in  Fig.  19,  the  shift  in 

the  In-4d  is  due  initially  to  E^  movement,  but  the  shift  (0.3  eV)  at 

4.1  monolayer  is  due  not  to  Ep  movement  but  to  cc  Knound  or  alloy  for¬ 
mation  . 


Our  results  here  are  in  contrast  to  Eastman  and  Freeouf's8’9 
for  Pd  overlayers  on  GaAs  (110)  and  In  overlayers  on  GaAs  (110),  GaSb 
(HO),  and  InAs  (110)  where  the  surface  excitons  were  little  affected  by 
2  to  3  metal  layers.  Our  results  are  similar  to  Rowe  et  al's  for  group 
III  metal  overlayers  on  Ge,  Si,  and  GaAs  (110)  and  (100)  surfaces.14"18 


Rowe  et  al  had  proposed  that  the  (110)  surface  is  anomalous;  our  results 
here  indicate  that  it  is  not.  Possibly,  the  discrepancy  is  due  to  some 


peculiarity  of  Pd  and  In  overlayers;  further  experiments  are  needed  to 
resolve  this  discrepancy. 


One  question  that  might  be  asked  is  whether  the  Au  creates  any 

new  empty  levels.  The  data  here  show  no  clear  evidence  of  new  levels 

arising  from  the  deposition  of  Au .  One  explanation  is  that  the  density 

of  new  empty  states  created  (metal  induced  states)  is  low  since  <1012 

states- cm  are  sufficient  to  pin  Ep.  However,  if  Au  forms  covalent 

bonds  with  the  surface  atoms,  as  proposed  for  group  III  metals  on  Si 
16 

(HD,  then  one  would  expect  creation  of  ~1015  states/cm2  and  intro¬ 
duce  new  levels  into  the  CFS  spectra.  me  absence  of  these  levels  near 
1  monolayer  suggests  that  covalent  bonding  may  not  be  the  correct  de¬ 
scription  for  the  materials  studied  here. 


rv*  Discussion 


It  is  appropriate  at  this  point  «•„ 

about  SB.  u  M“'1“  What  1*  »o.  Known 

f~m  other  wkaM  ^  pr_t 

^  «  nearly  independent  „f  , 

—  tou  r„  and.wlthaf,wegeeptl„„s,ureequaltot  — 

of  the  band  ,a,  (tb.  ,  two-thirds 

sap  (the  two- thirds  rule),  however,  for  ionto 
strong  m  „  ’  r  ionic  materials , 

"W  dePendence  is  observed.2'3  (•>,  Th  , 

McCaldin  et  al  5  „hloh  „  a,UOn  »y 

states  that  the  SB  heigh,  for  holes  Is  de  „ 
only  on  the  ls  dePendeni 

anion ,  applies  to  both  oovalent  and  more  ionio  trials 

CdSe ,  ZnSe ,  CdS  ,  and  ZnS .  Aerials  which  are  th, 

to  the  two-thirds  rule  such  as  Inf  and  Oasb  b  nations 

Oh-  °bBy  tho  ““ion  rule.  (3, 

Observations  1  and  ,  are  made  on  atomieally  olean  surf 

P*"ier  height,  „„  "real..  syrfa  SUrf8C<,S-  • 

surfaces  with  native  oxides 

inants  appear  to  be  very  simil  °  ^  Contam” 

very  similar  and  are  no. 

erate  heat  treatment  r  °nBly  by  — 

eatment.  For  example  k’im  *  ,32 

heating  up  to  400»c  for  s  ’  6  3  f°Und  that «  for  Au-Ga.As , 

•  «ensur.TO"ts  were  made  at  root,  temperature.  3,300-0  th 

barrier  ho)<rh+  j  ouu  C,  the 

er  nei&h t  drops  by  ~q  oR  Q,, 

IS  a  large  1„  *°  *—»«* ».  and  there 

large  increase  in  the  ideality  f,ctor  _  .  , . 

emission  ourrent  eguation  for  ^ 

sm-ss ■ on  over  the  barrier: 

J  ~  ^  T  exP(-<l0B/i<T)  Cexp(qV/nkT)  -  1] 

"Z  '  =  dl°"  0Urrent  ae"SUy'  ^  Richardson  oonstant 

V  —  height,  a,  V  =  applied  voltage .  fdr  an  ideal  barrier  ' 

/  ;  de“S°f  "  —  higher  values.  W) 

8  68  "*  ^  -  —layer  or  monolayer 
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coverage  to  hundreds  of  monolayers,  and,  as  this  work  shows,  Ep  is 
stabilized  by  the  first  0.15  monolayer  (or  less)  of  metal  on  the  III-V 
semiconductors,  i.e.,  before  a  clearly  metallic  layer  forms;  thus,  a 
microscopic  or  "atomic-scale"  model  based  more  on  the  interaction  of  Au 
atoms  with  the  semiconductor  than  with  a  well-formed  Au  metallic  layer 
is  necessary  to  explain  the  data.  (5)  Since  it  is  now  believed  that, 
for  most  III-V  semiconductors,  there  exist  no  intrinsic  surface  states 
in  the  band  gap,  metal-induced  states  must  be  responsible  for  Ep  sta¬ 
bilization.  Our  observations  lead  us  to  the  conclusion  that  they  are 
extrinsic  states.  Here,  it  is  wi.e  to  define  what  one  means  by  extrinsic. 
We  define  extrinsic  states  to  be  those  states  not  present  on  a  clean, 
perfect,  defect-free  surface.  The  surface  may  have  a  reproducible  re¬ 
construction,  e.g.,  Si  (111)  2X1.  Extrinsic  states  may  be  induced  by 
surface  strain  or  defects  introduced  by  surface  preparation  or  by  the 
presence  of  foreign  atoms  on  the  surface.  (6)  From  CFS  data,  the  exci- 
tonic  transition  involving  final  states  above  the  CBM  are  barely  affected 
when  Ef  has  stabilized  at  <0.2  monolayer  coverage,  and  ~1  monolayer 
of  metal  is  required  to  remove  this  transition.  At  one  monolayer  cover¬ 
age,  no  new  transitions  into  final  states  in  the  band  gap  can  be  seen. 

(7)  There  apparently  is  a  large  amount  of  intermixing  of  metal  and  semi¬ 
conductor  although,  for  insulators,  Hiraki  et  al33  observed  no  "alloyed" 
junction.  There  is  thus  a  (possibly  nonstoichiometric)  removal  of  semi¬ 
conductor  material  at  the  interface.  For  example,  Sb  is  removed  to  the 
surface  of  the  Au  layer  on  Au-GaSb  to  leave  an  excess  of  Ga  at  the  in¬ 
terface  . 

A  successful  model  for  SB  formation  must  be  able  to  explain  or,  at 
the  very  least,  not  be  inconsistent  with  the  above  observations.  While 
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It  Is  not  possible  at  this  time  to  present  a  definitive  model  which 
accounts  for  all  the  known  phenomena,  many  of  the  observations  can  be 
explained  by  a  "defect"  model.  Confirmation  of  this  model  will  require 
nnich  further  experimentation;  hopefully,  presentation  of  the  model  here 
will  stimulate  interest  in  performing  work  to  test  it. 

Tli is  model  is  motivated  largo ly  by  observation  7  above.  Removal  of 
semiconductor  materials  from  the  Interface  is  likely  to  give  rise  to 
large  numbers  of  defects  which  can  pin  Ep.  Although  a  departure  from 
stoichiometry  is  unnecessary  for  Kp  pinning  (see  below),  It  Is  almost 
certain  that  there  is  a  nonstoichiomotric  interface  In  Au-GaSb  and  quite 
probable  in  some  others,  although  small  departures  from  stoichiometry 
(o.g.,  1  percent)  will  bo  nearly  impossible  to  detect  with  the  techniques 
used  in  this  paper  although  they  are  sufficient  to  produce  pinning. 


The  bulk  growth  properties  of  GaSb  support  an  interpretation  of  non- 


124-127 

stoichiometry.  It  has  long  been  known 


that  high  purity  undoped  GaSb 


Is  p-type  duo  to  nonstoichiometry.  The  acceptors  in  that  semiconductor 

are  related  to  a  Gn  excess  or  an  Sb  deficiency,  are  related  to  vacancies, 

12  G 

and  are  fairly  Immobile,  van  dor  Meulen  ruled  out  the  possibility  of 


a  simple  defect  and  suggested  that  the  complex  con  tor  GaSbvr,il '  that  ls  • 
a  Ga  vacancy  associated  with  an  antisite  defect,  of  Ga  on  an  Sb  site, 
gives  rise  to  those  acceptors.  Those  same  acceptors  may  be  responsible 


for  pinning  at  tho  VBM  at  the  surface.  It  appears  that  GaSb  surface 

is  highly  p-type,  and  the  deposited  Au  provides  the  energy  to  create  the 
acceptors.  One  point  to  note  is  that  the  semiconductors  are  dissociated 


by  tho  Au  causing  considerable  intermixing;  tills  indicates  that  a  sub¬ 
stantial  amount  of  energy  ls  deposited  by  tho  Au.  Now,  what  is  the  source 
of  this  energy? 


Ivl 


When  Au  is  evaporated,  it  is  in  a  higher  energy  state,  with  an  en¬ 
ergy  equal  to  the  heat  of  sublimation  (89  kcnls/mole  «  8,87  eV/atom) 
above  the  metallic  state  at  room  temperature.  Upon  arrival  at  the  semi¬ 
conductor  surface,  the  Au  atoms  go  into  a  lower  energy  state,  releasing 
large  amounts  of  energy.  The  amount  of  energy  each  condensed  Au  atom 
gives  up  will  depend  on  the  strength  of  binding  to  the  substrate,  that 
is,  whether  it  forms  a  compound  with  the  semiconductor,  chemisorbs,  sits 
interstitially ,  goes  subs ti tut  tonally  into  the  semiconductor  lattice,  or 
bonds  weakly  to  the  semiconductor  surface  or  to  other  Au  atoms.  This  en¬ 
ergy  will— especially  for  the  first  monolayer  of  Au— be  different  from 
the  heat  of  sublimation  of  Au  since,  in  the  previous  section,  we  have 
seen  that  bulk  Au  structure  is  not  obtained  until  tens  of  monolayers 
have  been  deposited.  For  example,  the  initial  heat  of  adsorption  of  Cs 

on  GaAs  (110)  Is  ~60  ken  1 /mole,  while  the  heat  of  sublimation  of  bulk 

•U2 

Cs  Is  -19  kca 1/mole.  The  excess  energy  carried  by  the  deposited  Au  is 
released  in  a  localized  volume,  thus,  causing  a  "thermal  spike"  which 
can  create  defects.  Van  Vechten  1,1  has  calculated  the  enthalpies  In 
forming  various  bulk  defects  and,  for  vacancies,  the  values  are  typically 
-  to  3  eV  for  III-V  semiconductors.  At  the  surface,  these  values  will 
be  reduced  because  of  reduced  area  In  his  macroscopic  "cavity"  thus  low¬ 
ering  the  surface  energy.  Another  way  of  looking  at  this  is  that,  at 
the  surface,  fewer  bouds  need  to  bo  broken  to  form  a  defect.  Bril  Ison ** 
and  Lindnu  et  a!*'  have  presented  plots  of  the  Index  of  Interface  Behavior 
S  versus  the  heat  of  formation  (HF)  of  numerous  covalent  and  ionic  com¬ 
pounds,  and  there  is  a  striking  relation.  The  move  ionic  compounds  have 
high  HF  and  Sal,  while  the  covalent  compounds  have  low  HF  and  small 
S  (indicating  weak  dependence  on  ) .  From  this,  one  might  argue  that 


the  defects  formed  with  metal  deposition  are  more  numerous  when  HF  is 
small  and  that  these  defects  are  more  important  than  the  particular  metal 
used  in  determining  the  pinning,  consistent  with  observations  1  and  3, 
although  the  metal  used  still  affects  the  pinning  position  slightly. 

(This  may  be  due  to  interactions  between  the  metal  and  defects.)  For 
more  ionic  compounds  with  higher  HF,  fewer  defects  are  formed  ,  so  the 
dependence  on  m  is  stronger. 

Although  the  defects  that  pin  E  are  probably  complex  (see  below), 

one  may  consider  as  a  reasonable  approximation  that  simple  vacancies  are 

first  formed  which  later  interact  with  other  lattice  atoms  or  impurities 

43 

to  form  complexes.  Van  Vech ten's  calculations  show  that,  in  general, 

the  enthalpies  for  anion  and  cation  vacancies  are  different.  Therefore, 

it  is  likely  that  more  vacancies  of  one  component  will  be  formed.  In  his 

simple  model,  the  larger  the  covalent  radius,  the  greater  the  enthalpy 

for  vacancy  formation.  For  the  semiconductors  studied  here,  GaSb,  InP, 

and  GaAs,  respectively,  i)«(Vc.)  =  2.56  eV,  <iH(V  )  =  2.03  eV ;  i^H(V  )  = 

o  D  Gel  P 

2.17  eV,  <iH  (V  )  =  3.04  eV ;  £H(V  )  «  .^H(V  )  =  2.59  eV.  These  esti- 

In  As  Ga 

mates  predict  that  V  should  be  more  numerous  than  V  ,  but.  as 

Ga  Sb 

mentioned  previously,  the  Sb  goes  to  the  surface  of  the  Au .  Estimates 

46 

for  antisite  defects  predict  that  the  enthalpy  to  put  a  larger  atom  at 

the  site  of  a  smaller  atom  is  greater  and  vice  versa.  Thus,  it  is  more 

likely  for  Ga  (Ga  atom  in  an  Sb  site)  than  Sb  to  form.  Some  of  the 
° 0  Ga 

Ga  atoms  then  move  into  vacant  Sb  sites  to  form  V  Ga  .  Now.  an  anion 

Ga  Sb 

vacancy  is  believed  to  be  a  donor  while  a  cation  vacancy  is  believed  to 
be  an  acceptor;  a  cation  on  an  anion  site  is  an  acceptor,  whereas  an  an¬ 
ion  on  a  cation  site  is  a  donor.  Thus,  the  V  Ga  .  complex  in  GaSb 

Ga  Sb 

would  give  rise  to  acceptor  levels. 
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Assuming  that  the  defects  formed  introduce  acceptor  and  donor  levels 

into  the  band  gap,  we  can  gain  some  insight  into  the  behavior  of  E  bv 

considering  two  simple  situations  discussed  in  Blakemore47  (and  references 

therein).  Consider  first  the  case  of  an  n-type  semiconductor.  When  N 

A 

acceptors  are  introduced  at  the  energy  E  -E  into  the  band  gap  (E  = 

LA  Q 

energy  of  CBM)  by  making  the  interface  nonstoichiometric ,  then  compensa¬ 
tion  occurs  until  exceeds  ,  the  concentration  of  dopants.  (Note 

that  compensation  may  reduce  the  energy  needed  to  create  a  defect.)  At 
that  point,  Ep  drops  very  rapidly  and  locks  onto  the  acceptor  level. 

This  is  probably  the  case  for  GaSb. 

A  second  case  is  when  N  donor  and  an  equal  number  of  acceptor 
levels  are  introduced  (for  example,  through  creation  of  As  and  Ga  vacan¬ 
cies)  at  energies  EQ  and  measured  relative  to  the  CBM-.  For  an  n- 

type  semiconductor,  Ep  would  drop  very  rapidly  when  N  approaches  the 
dopant  concentration  of  the  crystal  and,  when  N  is  much  larger  than 
the  dopant  concentration,  Ef  would  come  to  rest  at  an  energy  interme¬ 
diate  between  EQ  and  E^ .  Thus,  it  is  not  necessary  for  nonstoichiom¬ 
etry  to  exist  before  pinning  occurs  . 

What  are  the  kind  of  defects  found  at  or  near  the  surface  or  interface 
after  metal  deposition?  Many  types  of  defects  can  occur  in  the  compound 
AB.  The  simplest  ones  are  vacancies  (V^)  and  antisite  defects  (Ag  , 
Ba).  These  can  interact  with  each  other  or  with  the  metal  (e.g.,  Au)  to 
form  complexes.  All  these  defects  may  form  as  Au  is  deposited,  but  one 
or  two  types  of  defects  are  likely  to  dominate  Ep  pinning  and  particu¬ 
larly  the  more  immobile  ones  as  more  mobile  defects  can  diffuse  away  from 
the  interface.  Thus,  as  mentioned  above,  the  V^Ga^  complex  is  likely 
to  be  responsible  for  pinning  Ep  in  GaSb.  On  GaAs  ,  Lang  et  al48 


67 


measured  eight  different  levels  in  the  band  gap,  two  (located  near  midgap 
and  a  few  tenths  eV  below  midgap)  of  which  are  present  before  irradiation 
of  the  semiconductor  with  1  MeV  electrons.  It  is  generally  accepted48 
that,  in  isochronal  annealing  experiments,  the  lowest-temperature  stages 
are  associated  with  simple  defects  which  have  high  mobility,  while  the 
highest -temperature  stages  are  associated  with  defect  clusters  or  impur¬ 
ity  complexes  which  have  low  mobility.  Also,  it  is  known  that  simple 
defects  in  GaSb  and  InSb  are  unstable  above  200°K.  Although  simple  de¬ 
fects  may  exist  in  GaAs  and  InP,  judging  from  isochronal  annealing  data 
which  show  that  materials  which  have  higher  Debye  temperatures  have  de¬ 
fects  with  lower  mobility,48  the  evidence  argues  against  their  playing 
an  important  role  in  SB  pinning.  Lang  et  al48  identified  one  level  as 
being  a  simple  Ga  vacancy  level.  This  level,  however,  lies  in  the  top 
part  of  the  band  gap,  away  from  the  SB  pinning  position.  A  level  HI 
which  they  believe  is  related  to  impurities  may  be  responsible  for  SB 
Pinning  since  it  lies  at  approximately  the  right  energy  position.  Also, 
as  mentioned  earlier,  the  more  mobile  simple  defects  are  likely  to  dif¬ 
fuse  away  from  the  interface  with  time,  so  it  is  more  probable  that  the 
nonmobile  complexes  or  clusters  which  remain  near  the  interface  are  re¬ 
sponsible  for  SB  pinning.  Measurement  of  defect  level  positions  in  other 
semiconductors  such  as  InP  should  prove  very  useful. 

The  "defect"  model  presented  above  will  explain  many  of  the  obser¬ 
vations  summarized  at  the  beginning  of  this  section.  It  explains  Obser¬ 
vation  1  from  a  consideration  of  HF  and  explains  Observation  3  since  ad¬ 
sorbates  with  sufficient  heats  of  condensation  or  adsorption  will  create 
defect  levels  which  are  characteristic  of  the  semiconductor  and  depend 
only  weakly  on  the  particular  metal  deposited.  Observation  2  is  more 
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difficult  to  explain  but,  if,  for  GaSb  and  GaAs ,  we  assume  the  presence 
°f  VGa  °r  a  comPlex  depending  strongly  on  V  ,  then  the  dangling 

Uu 

bonds  in  the  vacancy  are  anion  bonds;  since  the  VBM  is  anion-like,  it  is 

quite  reasonable  for  the  energy  separating  between  the  defect  level  (due 

to  anion  dangling  bonds)  to  be  dependent  only  on  the  particular  anion. 

The  defect  model  is  also  a  microscopic  or  "atomic-scale"  model,  and  it 

is  not  unreasonable  for  sufficient  defect  states  to  have  formed  with 

<0.2  monolayer  of  metal  to  pin  E_  (Observations  4  and  5).  Observation 

r 

6  may  provide  evidence  for  rejecting  a  model  based  on  formation  of  coval¬ 
ent  bonds  between  the  metal  and  the  semiconductor  surface  in  the  III-V 
semiconductors  (other  semiconductors,  e.g.,  group  IV  semiconductors,  may 

behave  differently).  Since  covalent  bonding  is  expected  to  provide  ~10lj 
1 

surface  states/cm  ,  one  might  expect  to  see  new  transitions  due  to  these 
states  in  the  CFS  spectra.  None  were  observed.  The  absence  of  pinning 
in  Ga-GaAs  (described  below)  also  argues  against  covalent  bonding  since 
Ga  should  also  form  covalent  bonds  with  GaAs  and  thus  pin  E  whereas, 
if  Ga  created  Ga  defects,  it  might  heal  these  defects  and  remove  the  pin¬ 
ning.  Note  that,  since  only  a  very  small  fraction  of  the  Au  atoms  create 
a  defect  state,  new  structure  in  CFS  spectra  is  not  expected.  Finally, 
Observation  7  is  related  to  Observation  1  and  is  explained  quite  readily 
by  the  present  model  since  HF  is  much  higher  for  the  insulators  and  the 
metal  is  unable  to  create  defects  and  remove  material. 

Experimentally,  much  work  will  have  to  be  done  to  test  the  "defect" 
model.  One  possible  experiment  would  be  to  use  the  appropriate  column 

III  or  V  metal  as  overlayer  in  the  hope  of  eliminating  pinning  due  to 

49 

the  deficit  of  one  of  the  components.  Bachrach  has  studied  Ga  on  p- 
GaAs  and  observed  no  pinning.  Woodall  et  al°°  also  reported  a  suppression 
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of  pinning  on  n-GaAs .  These  experiments  suggest  that  the  pinning  is  Ga 
related,  possibly  due  to  Ga  vacancies  as  Ga  metal  should  readily  heal 
VGa  and  thus  3UPP°rts  the  model.  In  has  also  been  reported51  to  form 
ohmic  contacts  to  InP.  if  antisite  defects  were  involved,  it  is  no 
longer  clear  what  might  happen.  Other  work  might  be  done  using  very 
pure  undoped  material  to  eliminate  the  donor-vacancy  complex.  Theoret¬ 
ically,  a  good  calculation  of  the  enthalpies  for  surface  defect  formation 
would  be  very  helpful.  Estimates  of  the  defect  level  energy  positions 
would  be  invaluable. 
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abstract 


For  n-  and  p-doned 

ine  °~S’  Fe™  ■'"*  and  accompany- 

mg  phenomena  of  the  (lien  H  J 

(HO,  cleavage  surface  have  been  studied  carefullv 
■slug  photoemission  at  hv  <  300  ev  (so  that 

ho  r.  ,  (  1  COre  as  'vel1  as  valence 

band  levels  could  be  studied)  noth  m 

•  Both  the  clean  surfaces  and  the  cha„ 
produced,  as  metals  changes 

.  metals  or  oxygen  are  added  to  fh 

uuea  Co  those  surfapt»<!  u 

entities,  have  been  examined.  It  is  fOUnd  that>  ,  _ 

level  staoill2es  after  a  small  fraction  of  a  monol  -  g6nera1’  ^  ^ 
or  oxygen  atoms  have  been  placed  on  th  ^  ^  ^  m°tal 

level  pinni  *  SU1*faCe*  M°St  strik^ly.  Fermi 

Pinning  produced  on  a  given  semiconductor  by  metals  and 
similar.  „„,vevei.  t„  U  and  '’W"  are 

depending  on  the  ’  t  ‘  — * 

S  on  the  semiconductor:  The 

The  pinning  position  is  near  (i)  the 

conduction  hand  maximum  <«,,  for  tap 

^  s lmiiarity  in  the  pinning  position  on  a  given  semiconductor  pro 
ouced  by  noth  metals  and  oxygen  suggests  that  the  states  r 

the  pi„„i„g  resulted  from  interaction  betxeen  th  SP°nSlbl<i  '“h 

een  the  adatoms  and  the  semi 

conductor.  Support  for  fetation  of  defect  ieveis  in  th 
at  u  111  the  semiconductor 

near  the  surface  is  found  in  the  appearance 

“  a„d  t„  disorder  in  the  val  — —o.'  atoms 

oxygen  n  Mth  *  feW  O'™**'  of 

t>een.  Based  on  the  available  information  on  Fermi 
moriei  <  „  mi  enerEry  Pinning,  a 

eve  loped  for  each  semiconductor  with  tw  different  ele  t 
levels  whir..,  “erent  electronic 

PTO",<:<id  by  -“O™1  «  anions  or  cations  from  their  nor 

rSU10"S  "  ^  —  «  -  semiconductors  .  T„e  pi„,UnE 

end  0.5  oVi  inr,  0.9  „„d  1-3  ev  ’  °'7 

first  energy  give,,  is  associated 
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With  a  missing  anion  and  «ho  second  »lth  .  missing  nation.  For  Case,  ' 
ouly  an  acceptor  due  to  a  missing  Sb  has  been  located  at  O.i  ov.  Our 
work  is  found  to  correlate  well  with  that  on  practical  Schottky  barriers. 

A  detailed  comparison  is  made  with  Interface  state  position,  and 
densities  found  by  others  on  practical  MIS  structures,  and  i,  is  suggested 
that  the  large  density  of  these  states  on  3-S's  as  compared  to  Si  is  due 
to  extrinsic  interface  states  created  by  stoichiometric  deficits  of  the 
3-5  semiconductor.  For  OaAs ,  the  dominant  state  is  found  at  0.7  eV  and 
is  associated  with  an  As  deficit.  For  I„P,  the  major  interface  level  is 
about  O.i  ov  below  the  CBM.  These  positions  are  in  good  agreement  with 
the  existing  data  obtained  from  a  wide  variety  of  samples. 
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I.  INTRODUCTION 


At  tho  1976  Physics  of  Compound  Semiconductor  Interface  (PCS  I)  Meet¬ 
ing,  all  experimental  groups  reported1’2’3  agreed  that,  on  the  (110)  faces 
of  GaAs  (and  other  smaller  band-gap  3-5  semiconductors),  there  were  no 
Intrinsic  surface  states  in  the  band  gaps.  Since  the  classic  work  by 
Mead  et  al5  was  also  done  on  cleavage  (110)  faces  of  these  semiconductors, 
this  had  strong  implications  for  Schottky-barrier  formation.  From  LKED6 
and  bonding  considerations,7  it  appeared  likely  that  the  surface  states 
were  moved  out  of  the  band-gap  region  by  electronic  and  lattice  rearrange¬ 
ment  at  the  surface.  Work  since  then  has  firmly  established  that  this 
is  the  case.  Figure  1  schematically  shows  the  rearrangement  and  the 
electronic  structure.10  The  lack  of  intrinsic  states  in  the  band  gap 
had  immense  implications  for  the  understanding  of  Schottky  barriers  (SB) 
since  it  established  that  the  free  surface  contained  no  intrinsic  surface 
states  which  could  pin  the  Fermi  level  at  the  metal-semiconductor  in  the 
manner  suggested  by  Bardeen11  and  applied  by  Mead  ot  al.5 

This  left  quantum  mechanical  interaction  between  metal  and  semicon¬ 
ductor  ns  the  most  popular  mechanism  of  Schottky-barrier  pinning.  Heine12 
had  first  pointed  out  such  a  possibility  and  had  emphasized  the  tunneling 
of  electrons  from  tho  metal  into  the  band  gap  of  tho  semiconductor,  in 
the  period  of  approximately  1976  to  197S,  there  have  been  a  number  of 
theoretical  paper.-,  exploring  in  a  more  quantitative  manner  this  possibil¬ 
ity  as  Well  as  looking  into  related  many-body  effects.13  Those  papers 
had  one  aspect  in  common:  they  assumed  an  ideal  planar  Junction  between 
the  semiconductor  and  metal.  Recent  experimental  work  strongly  suggests 
that  the  situation  is  not  so  simple.1^ ' 15,16 
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In  this  paper,  we  will  propose  a  detailed  and  unified  model  not 

only  for  Schottky-barrier  pinning  but  for  the  interface  states  at  the 

semiconductor-insulator  interface  of  MIS  (mota 1-insulator  semiconductor) 
17 

structures.  This  is  an  extension  of  our  work  as  reported  by  l.indau  et 
15 

al  at  last  year's  PCS  I .  Our  general  approach  has  been  to  (1)  develop 
experiments  in  which  the  interaction  botwoen  the  adatoms  (metal  or  oxy¬ 
gen)  can  be  followed  on  an  atomic  scnlo,  particularly  in  the  early  stages 
of  Fermi-level  pinning,  i.o.,  very  low  (small  fractions  of  a  monolayer) 
coverages,  (2)  systematically  study  the  Fermi  lovel  pinning  at  both  semi¬ 
conductor-metal  and  semiconductor-oxide  interfaces  on  both  n~  and  p-dopod 
semiconductors,  and  (3)  compare  results  from  thick  device-typo  overlayers 
and  those  from  the  atomic  scale  studies.  Thus,  in  this  paper,  we  will 
draw  extensively  on  data  from  our  own  studies  of  the  first  steps  in  oxy- 
gen  adsorption  ’  ’  v '  ’“on  GnAs ,  InP,  and  CaSb  ns  well  as  on  our  work 
on  Schottky-barrier  formation.14'15  In  addition,  we  will  draw  on  work  of 
others*-  ‘  on  thicker  "dev ice"-type  oxides. 


II.  DO  INTRINSIC  STATES  MOVE  INTO  THE  1UND  GAP? 


As  emphasized  in  the*  introduct ion ,  it  beenme  clear  between  1976  and 

1978  that,  on  the  (110)  face  of  GnAs  and  smaller  band  gap  3-5  compounds, 

the  intrinsic  surface  states  were  swept  out  of  the  band  gap  duo  to  the 

rearrangement  of  the  atoms  near  the  surface.  At  once,  we  became  concerned 

28  29 

that  the  pinning  we  and  others  ’  had  seen  consistently  on  clean  cleaved 

(110)  n-type  GnAs  might  be  due  to  intrinsic  surface  states  brought  Into 

2 

the  band  gap  by  a  new  and  different  reconstruction  of  the  surface."" 
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Stnrting  in  1976,  we  have  continuously  attempted  to  test  the  hy¬ 
pothesis  that  intrinsic  surface  states  might  move  into  the  band  gap  due 
to  new  surface  rearrangements.  Y.'o  will  briefly  review  that  work  since 
the  negative  results  obtained  played  an  important  role  in  developing  the 
model  of  interface  states  which  will  bo  presented  hero. 

First,  it  was  recognized  by  ourselves  and  Peter  Mark  that  all  of 
the  LEED  work  had  been  done  on  sputter-annealed  (110)  GaAs  surfaces  and 
that  such  clean  surfaces  always  showed  Fermi  level  pinning  near  mid-gap 
for  n-typo  samples.  In  contrast,  no  LEED  had  been  done  on  cleaved  sur¬ 
faces  and  these  were  the  only  surfaces  which  showed1’2’3  no  surface  Fermi 
level  pinning  (i.e.,  cleaved  surfaces  sometimes  showed  no  pinning,  whereas 
sputter-anneal  surfaces  always  showed  pinning.  Thus,  LEED  work  was  done 

on  a  number  of  cleaved  GaAs  (110)  surfaces  and  compared  to  the  sputter 
30  31 

and  annealed  work.  ’  No  mensurable  difference  was  found,  establishing 

that  the  same  surface  rearrangements  did  take  place  on  both  types  of 

surfaces.  This  and  rol;  ,ed  work  was  reviewed  by  Skeath  et  al  in  last 
30 

year's  PCS I. 

The  overall  conclusion  is  that  the  pinning  which  is  often  observed 

on  clean  cleaved  n-GaAs  (110)  is  due  to  extrinsic  states  produced  by 

defects  formed  in  the  cleaving  process.  Any  comprehensive  model  for 

extrinsic  states  must  satisfactorily  explain  these  states. 

32 

Monch  has  pointed  out  that  bulk  doping  impurities  may  produce 
extrinsic  states  at  the  surface;  however,  the  density  of  those  is  not, 
in  general,  sufficient  to  explain  the  observed  pinning;  thus,  defect 
states  must  bo  invoked,  in  addition.  However,  the  bulk  doping  can  reduce 
the  number  of  defects  needed. 
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Another 


-ore  general  method  for  studying  the  empty  surface  states 

-  -  constant  -at  state  (CFS)  or  partiai  yield  spectroscopy  developed 

y  ^»ejre  and  hunz  and  their  coworkers  and  ingeniously  applied  to 

the  surface  state  problem  by  Kastman  and  coworkers.35  It  ls  now  cloar 

that  the  original  interpretation  of  such  work35  h  , 

woik  erred  by  not  taking  cx- 

citonic  effects  into  account.  However  m  the  eg 

'  in  the  studios  we  undertook,  we 

were  most  interested  not  it,  , 

not  m  the  absolute  energy  of  the  final  state  lnvolved 

-  -e  transition  but  in  decreases  in  this  energy  .,,ch  would  be  „i00l. 

»ted  with  the  empty  intrinsic  surface  states  noting  lnto  the  ba„d  e3p ' 

to  produce  the  observed  surface  Perm!  level  pf„„i„6.  ni.  „t , 

“  S',<,Uld  ^  ~  —  an  easily  detected 

decrease  in  the  excitation  energy  for  the  excite,,.  Since  these  studies 

have  been  reported  in  dptiii  i 

detail  elsewhere,  we  will  restrict  ourselves  here 

-  giving  examples  and  discussing  the  results  and  appropriate  references. 

A  first  question  (also  addressed  above)  whether  the  pinning 

sometimes  observed  on  , 

n  typo  cleaved  samples  was  due  to  intrinsic  surface 

states  moving  into  the  band  gap  region.  Our  CFS 

s  uur  CFS  measurements  showed  no 

difference  in  excitation  encrev  ft 

energy  fo,  the  exciton  on  pinned  surfaces  and 

unpinned  surfaces.  „is  is  tahen  as  definitive  evidence  that  the 

Pinning  which  occurs  on  cleaving  is  due  to  extrinsic  and  not  intrinsic 

surface  states,  ,1s  an  example  of  this  type  of  data.  Pig.  2  compares 

The  same  test  was  made  with  rega,„  to  pinning  d„e  to  placing  of  oxy- 
gen  or  metals  or,  the  surface.  As  the  oxygen  or  metal  is  added  in  small 
q  antitios  to  a  clean  surface  which  shows  no  pinning,  both  the  excitonic 
tructuie  in  the  ere  spectra  and  the  Fermi  level  pinning  arc  follower  as 
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2  for  oxygen  addition.  Tho  paper  by  Skcath  et  nl  in  these  proceedings 

14 

gives  an  example  for  metals  as  does  tho  work  of  Chyc  et  al.  Again,  no 

3,18,19 

evidence  is  found  for  reduction  of  the  exciton  energy  as  the  over¬ 

layer  is  added,  showing  that  tho  empty  intrinsic  surface  states  are  not 
moving  into  the  band  gap.  Those  data  will  be  discussed  in  detail  later 
in  this  article.  Thus,  wo  conclude  that  the  pinning  observed  after  dep¬ 
osition  of  metals  or  oxygen  is  not  due  to  movement  of  the  intrinsic  states 
characteristic  of  the  free  surface  into  the  band  gap  because  of  surface 

rearrangement  produced  by  the  addition  of  oxygen  or  metals  to  the  surface. 

40 

Mele  and  Joannopoulos  have  proposed  new  interface  states  in  the  band 
gap  due  to  Al  on  GaAs .  It  appears  that,  to  detect  these,  one  must  look 
at  the  CFS  structure  using  excitation  from  the  Al  core  levels. 


III.  A  MECHANISM  FOR  FERMI  LEVEL  PINNING  BY  METAL  OR  OXYGEN  DEPOSITION 
A .  General  Approach 

Using  photoemission,  the  Fermi  level  position  at  the  surface 
39 

can  be  measured  directly.  It  is  important  to  make  a  clear  distinction 

between  such  measurements  and  those  (see,  for  example,  Ref.  41)  in  which 

Fermi  level  is  not  measured  directly,  i.e.,  when  methods  such  as  contact 

potential  (CPD)  measurements  are  used.*1  In  the  latter  case,  the  changes 

in  tho  potential  barrier  at  the  surface  must  be  successfully  separated 

from  those  of  band  bending.  On  addition  of  any  adatoms  to  the  surface 

of  a  semiconductor,  both  the  Fermi  level  position  and  the  semiconductor 

42 

electron  affinity  will,  in  general,  change.  It  is  the  sum  of  these 
two  effects  which  arc  measured  by  CFD  measurements.  As  the  comments  after 
Ref.  41  indicate,  these  arc  not  always  simple  to  sort  out  and  serious 
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0''r0rS  “*  b°  “d0  —  tn  Fermi  level  at'^'s^e 

in  ™t,  .ho  PhCoc.lssloh  measurement ,  ..  mentioned  above.  obtalns 

the  Fermi  level  position  directlv  tihc  < 

~Q  *  s  lJ-  lustra  ted  in  more  detail 

by  Skeath  et  al. 


B'  — ml  ^evel  "inning  Versus  Metal  Coyernce 

Our  genera  1  approach  ln  this  ^  has  ^  ^  ^  ^ 

rather  small  increments  and  to  determine  the  change  oF  surFace  Per™,  level 

Petition  with  coverage.  Detailed  data  are  present  these  pro„edl„gs 

(Ref.  39),  in  last  year's  proceedings  (Ref  i  *  , 

a  mgs  vKef .  15),  and  elsewhere  (Refs  14 

in  Fen"i  I-!  Pinning  due  to  the  „etal  „  conpleted  only 

-ut  0.1  of  monolayer  coverage.  Detailed  studies  ef  the  „  ^  Qf 

AU  heve  indicated  that  the  Au  atoms  are  dispersed  .cross  the  surFace  and 

™Uy  *"  ,4'43  -‘3  it  .130  the  case  For  Cs .  Thus 

the  Pinning  tahes  place  beFor.  .  metallic  layer  is  Formed.  This  brings 

into  ques t ion  those  theoretical  calculations  that  start  From  the  model 
of  a  metal  on  a  semiconductor. 

C'  ~rlt)r  °f  FOr”1  ^  Pinning  . . . .  , 

It  is  interesting  to  note  that  there  is  surprls t„gly  uttlo 

difference  (~0.3  eV  on  r«ie  , 

CaAs,  less  on  OaSb)  in  the  pinning  position1'1 

for  Cs  and  Au  despite  the  very  lare-o 

S  ifference  in  the  nature  of  the 

outermost  valence  wave  functions  of 

lunctions  of  the  atoms  of  these  two  metals.  Even 

more  striking  is  the  similarity  of  the  i  , 

>  w  Fei-mi  level  pinning  position  duo 

to  oxygon  and  the  metals,  in  Fir  an 

Fig.  3b,  we  present  Fermi  level  position 
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due  to  oxygen  on  GaSb.  As  can  be  seen,  the  final  Fermi  level  pinning 


position  is  almost  identical  to  that  of  the  metals  and  the  pinning  is 
completed  at  a  small  fraction11  of  a  monolayer.45  Similar  results  hav 
been  obtained  on  GaAs  and  inP ,3 ' 15 ' 19  '  51  ’  ^  ^  » 64  ,65 


In  Fig.  4,  we  present  our  data  on  the  pinning  position  for  a 
number  of  metals  and  oxygen  on  GaAs,  InP,  and  GaSb.  This  figure  has  two 
striking  characteristics.  First,  the  oxygen  pinning  position  falls  within 
the  scatter  of  surface  Fermi  level  positions  from  the  metals.  Second, 
the  pinning  positions  for  each  semiconductor  fall  in  a  distinct  and 
separate  part  of  the  band  gap:  InP  in  the  upper  part  of  the  gap,  GaAs 
near  mid-gap,  and  GaSb  near  the  valence  band  maximum. 


D*  Are  Pinning  Levels  Produced  Indirectly  by  Adatoms? 

Why  would  both  metals  and  oxygen  produce  levels  at  approximately 
the  same  energy?  It  is  very  difficult,  if  not  impossible,  to  rationalize 
this  in  terms  of  energy  levels  produced  directly  by  the  adatoms.  This 
statement  is  based  on  the  gross  differences  in  atomic  energy  levels  (as 
well  as  chemistry)  between  the  various  adatoms.  On  the  other  hand,  if 
the  pinning  states  are  produced  indirectly,  for  example,  by  the  formation 
of  vacancies  or  other  defects,  the  energy  levels  of  these  defects  would 
not  necessarily  depend  on  the  details  of  the  adatoms.  Thus ,  it  is  at¬ 
tractive  to  think  of  the  pinning  produced  by  the  adatoms  as  being  due  to 
defects  produced  at  or  near  the  surface  of  the  semiconductor  due  to  the 
deposition  of  the  adatoms.  These  defects  must  then  be  created  by  the 
interaction  of  the  adatoms  with  the  semiconductor  surface. 

Such  a  suggestion  raises  at  least  two  new  questions:  (1)  Is 
there  any  experimental  information  suggesting  the  formation  of  such 
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defects  and  (2)  where  does  the  activation  energy  come  from  to  form  such 
defects?  Last  year,  we  made  some  suggestions  in  this  regard.  In  this 
paper,  we  will  refine  and  generalize  those  original  suggestions.  In  ad¬ 
dition,  we  will  make  use  of  data  in  the  literature  which  relate  to  inter¬ 
face  states  on  thick-device-type  oxides  in  order  to  test  our  suggestions. 
However,  first,  we  will  present  a  model  of  the  interface  states  produced 
at  the  interface  of  InP,  GaAs  ,  and  GaSb  by  metal  deposition  or  oxygen 
exposure . 

IV.  THE  MODEL  FOR  INTERFACE  STATES  FORMED  BY  ADATOMS 

In  Fig.  5,  we  present  models  for  the  interface  states  formed  near 
the  surface  of  GaAs,  InP,  and  GaSb  by  addition  of  oxygen  or  metals  to  the 
surface.  For  each  material,  two  levels  are  given  and  three  quantities  are 
associated  with  each  of  these  levels:  (1)  the  energy  level  (measured  with 
respect  to  the  valence  band  maximum  (VBM) ) ,  (2)  whether  the  defect  is  an 
acceptor  or  donor,46  (3)  a  suggestion  as  to  the  nature  of  the  defect. 
However,  it  is  important  to  emphasize  that  the  essence  of  the  model  is 
that  pinning  is  dominated  by  defect  levels  formed  due  to  the  addition  of 
metals  or  oxygen  to  the  surface.  As  Fig.  4  shows  and  as  will  be  shown 
when  we  examine  practical  oxides,  the  general  systematics  of  pinning  po¬ 
sitions  is  in  agreement  with  the  specific  energy  levels  in  Fig.  5,  i.e., 
the  pinning  levels  lie  in  the  upper  part  of  the  band  gap  for  InP,  near 
mid-gap  for  GaAs,  and  near  the  VBM  for  GaSb. 

Two  levels  were  used  in  Fig.  4,  as  this  is  the  smallest  number  which 
can  begin  to  give  agreement  with  a  large  number  of  different  experiments. 
However,  once  one  starts  creating  defect  levels,  it  should  bo  recognized 
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that  a  large  number  of  different  defect  combinations  are  possible  (e.g., 

vacancies,  anti-site  defects,  and  various  combinations  of  vacancies, 

47 

etc,).  Therefore,  the  exact  energy  positions  are,  in  general,  not  to 
be  taken  too  seriously  within  a  tenth  of  an  electron  volt.  However,  as 
emphasized  above,  the  energy  position  within  these  limits  is  to  be  taken 
quite  seriously. 

Also  indicated  on  Fig.  5  is  the  acceptor  or  donor  nature  of  the  de¬ 
fect.  This  has  been  deduced  by  the  dependence  of  the  pinning  on  doping 
type  of  the  material.  For  example,  there  was  a  long  experience  of  no 
pinning  on  cleaved  p-type  GaAs  but  pinning  at  0.7  eV  for  n-type  samples. 
This  indicates  an  acceptor  at  0.7  eV.  Similarly,  the  pinning  of  n-type 
GaSb  near  the  VBM  (see  Fig.  3)  must  be  due  to  an  acceptor  level. 

The  experimental  and  theoretical  data  on  bulk  defect  levels  do  not 
seem  to  be  definitive  enough  to  act  as  a  strong  guide  to  the  nature  of 
the  defect.  Thus,  we  will  take  a  simple  model  and  assume  that  donors  are 
formed  by  anion  (column  5)  atoms  in  cation  (column  3)  sites  and  acceptors 
are  due  to  the  inverse  situation  with  cation  atoms  in  anion  sites.  These 
models  should  be  considered  as  tentative. 

As  can  be  seen  from  the  experimental  results  presented  above  (and 
that  which  will  be  presented  below),  one  type  of  defect  is  often  predom¬ 
inant  in  a  given  material  after  a  specific  treatment,  e.g.,  the  0.7  eV 
level  in  GaAs  after  cleaving  and  the  0.1  eV  level  in  GaSb  after  adsorption 
of  oxygen  or  deposition  of  a  metal.  The  pinning  of  the  as-cleaved  n-type 
material  at  0.7  eV  together  with  the  lack  of  pinning  on  p-type  GaAs  give 
clear  evidence  of  dominance  of  the  0.7  cV  acceptor  level  for  this  surface. 
Figure  3  gives  strong  evidence  for  the  dominance  of  the  0.1  acceptor  level 
in  GaSb.  A  similar  level  has  long  been  associated  with  a  deficit  of  Sb 
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which  occurs  in  GaSb.  The  nature  of  the  second  defect  in  GaAs  and  GaSb 
is  tentatively  assigned  by  the  author's  liking  for  symmetry  and  order. 

In  GaSb,  the  Sb  defect  appears  to  dominate;  pinning  toward  mid-gap  only 
appears  after  several  molecular  layers  of  oxide  have  been  grown.  This 
casts  some  doubt  on  the  second  level  for  GaSb,  as  it  may  be  associated 
with  the  oxide  rather  than  interface.  Thus,  it  is  accompanied  by  a 
question  mark  in  Fig.  (3. 

The  second  (0.5  donor)  level  in  GaAs  is  deduced  by  the  systematic 

difference  in  pinning  position  duo  to  Al,  Ga ,  and  In  on  n-  and  p-type 

39 

GaAs  found  by  Skeath  et  al  and  by  a  similar  difference  reported  earlier 

for  the  pinning  of  n  and  p  GaAs  after  the  addition  of  a  fraction  of  a 

49 

monolayer  of  oxygen.  The  energy  levels  on  InP  were  deduced  from  stud- 
19  43  44 

ies  of  Chye  et  al  ’  '  of  the  Fermi  level  position  as  a  function  of 

oxygen  or  metal  coverage.  In  Fig.  6,  we  present  data  for  InP  exposed  to 
oxygen.  Again,  we  see  that,  at  the  larger  oxygen  exposures,  the  curves 
for  n-  and  p-type  material  are  parallel  with  the  p  curve  displaced  lower 
in  energy  by  about  0.2  eV.  This  suggests,  agnin,  the  presence  of  two 
states.  Using  both  the  oxygen  and  Schottky-barr ier  data,  the  levels  are 
assigned  as  1.2  and  0.9  eV.  At  least  two  factors  suggest  that  the  upper 
level  is  a  donor.  These  are  the  facts  that  the  p-type  material  rises 
above  0.9  eV  for  the  highest  oxygen  exposure  and  that  the  Fermi  level  of 
the  n-type  material  dips  to  about  1.0  eV  at  intermediate  coverages  before 
rising  to  1.1  eV.  Both  of  these  results  can  only  be  explained  if  the 
donor  is  placed  above  the  acceptor  to  make  compensation  possible.  How¬ 
ever,  these  should  only  be  considered  tentative  conclusions.  Using  our 
detailed  assignment  of  donors  and  acceptors  discussed  elsewhere,  we  assign 
the  upper  level  to  P  in  an  In  site  and  the  lower  to  an  In  in  a  P  site. 
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Williams,50  on  the  other  hand,  would  associate  the  upper  level  with  a 
missing  P  based  on  his  results.  An  open  mind  must  be  kept  until  more 
definitive  data  are  available. 

To  summarize,  the  position  of  the  levels  in  Fig.  5  is  to  be  taken 
seriously  within  0.1  eV.  Under  a  given  set  of  circumstances,  one  level 
may  be  dominant.  The  assignments  in  terms  of  acceptor  or  donor  and  the 
detailed  nature  of  the  defect  level  should  be  considered  tentative  and 
subject  to  much  future  examination. 

V.  INDIRECT  EVIDENCE  FOR  LATTICE  DEFECT  FORMATION 
A .  During  Oxygen  Uptake 

We  were  driven  to  the  suggestion  of  defect  formation  by  evi¬ 
dence  we  obtained  (making  .full  use  of  the  capabilities  of  synchrotron 
radiation  )  of  disruption  of  the  surfaces  by  oxygen  or  metal  adlayers. 

In  Fig.  7,  we  present  energy  distribution  curves  (EDC's)  obtained  from 
photoemission  studies  of  the  valence  electronic  states  associated  within 
the  last  few  layers  of  GaAs  at  the  surface10’18’51’52  as  a  function  of 

oxygen  exposure.  Note  that  there  is  a  rather  abrupt  transition  in  the 

6  7 

valence  band  for  exposures  of  10  to  10  L  of  oxygen  (a  few  percent  of 

0 

a  monolayer  adsorbed  oxygen).  For  exposures  below  10  L,  the  sharp  va¬ 
lence  band  structure  is  relatively  unchanged.  The  transition  to  the 
disordered  state  is  relatively  abrupt  for  a  given  sample,  but  the  point 
of  transition  varies  by  about  an  order  of  magnitude  from  sample  to  sam¬ 
ple.  This  transition  would  make  the  formation  of  defects  possible.  It 
roughly  corresponds  to  the  coverage  at  which  the  pinning  is  completed. 
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The  abrupt  loss  of  surface  valence  band  structure  suggests 

periodic  structure  at  that  surface  is  highly  disturbed 

by  th°  °XyS°"  adSOrPtI°-  *  ««  <~  Pig.  we  showed 

'r0e  SUr(“Ce  “  -.tested  in  a  porlo<llc 

"y’  ,r0"  “*  “  "■*“*«*  **«  there  «  considerable  strain 

the  suriace  and  bulb  ol  she  erystal.  Such  str>1„  be  _ 

lieved  by  defect  formation.  rn  Ref  in 

10,  we  discuss  the  fact  that  chemi- 

sorption  of  an  oxygen  atom  uh  i  i 

ysen  atom  will  cause  considerable  local  lattice  rear- 

rangement  (drive,,  by  the  electronic  rearrangement,  ,„d  increased  iecal 

“r,ln  “  “eU  “  1~*  -e  to  the  heat  of  adsorption 

Apparently,  these  effects  are  sufficient  to 

cient  to  cause  a  certain  amount  of 

lattice  disorder  to  spt  in  a*  «  ^ 

in  at  a  few  percent  of  a  monolayer  of  oxygen 

coverage  (remember  that,  on  the  a^m™ 

S  »  oxygens  can  be  located  only  5 

lattice  Sites  nnflrt  +  4-u  4 

apait  at  this  coverage) 

iage;.  The  oxygen  uptake  increases 

7kediy  at  th::  r» and  the  ra,'i  *•  —  - 

‘  POSltl°-  '  '  -  *«  a  process  in  which  it  is  ukely 

that  defects  will  be  formed. 

es  where  thick  oxides  are  formed,  one  probably  first  goes 
stage.  m  addition,  because  of  the  difference  in  the  oxygen 
chemistry  of  Ga  and  As,  it  is  highly  likely  that  these  Aerials  will  not 

h'  re°°Vad  —‘-trio  quantities  iron  the  interlace.  T„e 

complexlty  o,  this  chemistry  is  wen  established  18.51,53,5.i  T„ 

Thus,  con- 

itlons  at  the  interface  between  th*. 

the  oxide  or  chemisorbed  oxygen  seems 

very  favorable  for  formation  of  defects  due  to  i„  , 

elects  due  to  local  removal  of  Ga  or  As 

atoms . 
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B *  During  Schottky-Barricr  Forma t ion 


Making  use  of  both  synchrotron  radiation3'14'43  and  sputter 
Auger  techniques,  we  have  consistently  found  sizable  amounts  of  semicon¬ 
ductor  material  in  the  metal  of  the  Schottky  barriers.  Figure  8  gives 
EDO  s  taken  at  SSRL,  with  hv  =  120  eV  so  that  both  the  core  levels  of 
the  semiconductor  constituents  as  well  as  the  valence  levels  and  core 
levels  of  the  gold  could  be  followed. 

The  striking  thing  about  Fig.  8  is  that  the  Sb  cores  persist 
strongly  even  after  about  110  monolayers  of  Au  have  been  added.  In  con¬ 
trast,  no  detectable  Ga  is  found  near  the  surface  at  this  coverage.  (It 
should  be  emphasized  that  the  sampling  depth  in  these  experiments  is 
about  two  atomic  layers.)  These  experiments  show  clearly  that  Sb  is 
removed  from  the  semiconductor  by  the  addition  of  the  metal.  (If  pin 
holes  in  the  metal  were  present,  both  the  Ga  and  Sb  core  levels  should 
have  shown  through  with  equal  strength.)  Confirmation  of  the  movement 
of  the  semiconductor  material  into  the  metal  is  given  by  sputter-Auger3'43 
studies . 

Closer  examination  of  Fig.  8  shows  that  the  Ga  does  not  disap¬ 
pear  as  quickly  with  addition  of  Au  as  one  would  expect  (taking  the  short 
sampling  depth  into  account).  The  sputter-Auger  also  indicates  Ga  in  the 
Au  well  away  from  the  surface  for  a  Au  layer  several  hundred  angstroms 
thick.  The  fact  that  Sb  is  found  on  the  surface  of  thick  layers  can  be 
understood  in  terms  of  minimizing  surface  energy  (Sb  has  a  much  lower 
heat  of  evaporation  than  Au  or  Ga)  and  the  kinetics  which  removed  the 
3-5  material  into  the  semiconductor  originally. 
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For  GaAs  and  InP,  both  species  arc  also  moved  into  the 

I  A  n 


metal.  '  '  Both  species  appear  on  the  surface,  although  there  appears 


to  be  slightly  more  As  or  P. 

As  was  suggested  last  yea.-,3  „  believe  the  driving  force  for 
dissolution  o,  the  3-5  and  Its  movement  Into  the  octal  is  the  heat  of 
absorption  of  the  metal  on  the  surface  of  the  semiconductor,  the  heat 
of  absorption  or  condensation  has  been  habitually  overlooked  1„  consid¬ 
ering  such  problems  as  this.  It  Is  the  heat  of  bonding  of  the  metal  to 
the  free  semiconductor  surface.  It  Is  not  to  be  directly  compared  to  any 
bulk  compound  formation ;  It  Is  also  much  larger  than  the  kinetic  energy 
associated  with  the  metal  atom  after  evaporation.  In  general,  data  are 
only  available  for  the  metallic  heat  of  condensation  of  metals  on  them¬ 
selves.  these  numbers  can  be  high  <~87  Kcal/mole  for  Au).  The  heat  of 


condensation  of  Cs  on  itself  is  smaller  (-20  Kcal/mole);  however,  very 

55 


beautiful  measurements  have  been  made  by  Derrien  and  Arnaud  D’Avitoya1 
of  the  heat  of  condensation  of  Cs  on  GaAs  ;  these  give  about  GO  Kcal/mole 
•t  lo.  coverages.  Thus,  on  being  absorbed  on  the  semiconductor  surface, 


he  metal  gives  up  energy  comparable  to  or  considerably  larger  than  the 

3 


heat  of  formation  of  the  semiconductor.3  This  energy  must  be  dissipated 
and,  in  so  doing,  will  momentarily  excite  the  semiconductor  atoms  near 
few  atoms  of  the  semiconductor  are  moved  into  the  metal  for 
each  hundred  metal  atoms  bound  to  the  surface,  this  can  account  for  the 
local  departure  from  stoichiometry  and  resulting  defect  states  which 
produce  Schottky-barricr  pinning. 

™S  Process  is  depleted  in  a  pictorial  way  in  pig .  9.  Solc 
thnt,  in  that  diagram,  the  defect  levels  are  usually  pl„Ced  at  least  one 
lattice  site  beneath  the  surface.  11.1,  is  because  a  metal  atom  could 
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fill  a  vacancy  at  the  surface  (although  not  a  simple  anti-site  defect). 
Again,  we  can  not  be  sure  of  the  nature  of  the  defect,  at  this  time,  and 
thus  must  allow  for  various  possibilities. 

To  summarize,  experiment  evidence  for  both  oxygen  uptake  and 
Schottky-barrier  formation  on  the  clean  semiconductor  surface  shows  that 
the  conditions  are  present  for  the  formation  of  defect  centers  at  or  near 
the  surface  of  the  semiconductor.  The  similarity  of  the  Fermi  level  pin¬ 
ning  positions  for  very  different  metals  and/or  oxygen  suggest  strongly 
that  such  centers  are  formed  and  produce  the  Schottky-barrier  pinning  and 
interface  states  at  the  3-5  oxide  interface. 


VI.  COMPARISON  WITH  THICK  "DEVICE"  OXIDES  OR  SCHOTTKY  BARRIERS 
A .  Schottky  Barriers 

The  pinning  positions  we  obtain  are,  to  a  first  approximation 

(within  a  few  tenths  of  an  electron  volt),  in  agreement  with  both  the 

5  . 

work  obtained  by  Mead  (who  used  clean  surfaces  but  very  high  metal  dep¬ 
osition  rates)  and,  for  practical  devices  in  which  the  sample,  because 
of  etching  and  transport  through  air,  has  at  least  a  thin  oxide  outer 
layer.  To  put  the  results  more  emphatically,  the  pinning  position  we 
obtain  with  only  10  to  20  percent  of  a  monolayer  of  metal  is,  to  the 
first  approximation,  the  same  as  that  obtained  for  thick  (thousands  of 
monolayers  of  metal)  Schottky  barriers.  Thus,  it  appears  that  the  same 
basic  pinning  mechanism  must  occur  in  all  cases. 

The  classical  work  on  Schottky  barriers  by  Mead  et  al^  was 
performed  in  a  slightly  different  manner  than  our  own  work  ^  The 

pressure  in  our  preparation  chamber  was  about  four  orders  of  magnitude 


I".,.-  thn.  that  in  chamber.  *.  .  result ,  „  „oro  „M„  to  m„ko  v<M.y 

““P"5  '  f  <o.e..  *P».IU.K  In  stops  of  0.1  monolayer) , 40 • U • 1 1 

minimizing  tho  chances  of  heating  the  crystal  (lc,„sltJ. 

Of  defects  C.hich  .ny  Into, -net)  In  n  short  period  of  tin,,,.  „o,,.vor ,  th„ 
ernornl  rosnlts  of  our  writ  And  thoso  of  Mend  ot  nlS  ns  to  ,,o,,l- 

tlon  nro,  on  tho  average,  t,ulto  close.  Tho  win  difference40  Is  thm, 

After  defiled  studio,  of  ,u  ,  an,  „„d  on  ends,56'57.'"*  th0  ,lmUv 

position  on  »-typ„  wt.rlnl  Is  found  to  ho  About  0.115  „v  higher  thnn  on 
p-.ypo  nnterlnl.  This  d.fforonoo  bet, toon  tho  previous  TOrk  „„d  ours  „ny 
bo  duo  to  tho  dot, 11,  of  deposition  »l,h  the  re.u.t  thnt  the  defect  lev¬ 
el,  formed  nro  not  tho  none.  Howver,  mom  wrk  n»,t  bo  done  to  clnrlfv 

p.n 

this  question.  ' 

In  the  past,  it  has  been  hnrd  to  understand  «hy  the  Schottky- 
bnrrior  plnnl„B  positions  wre  so  sl.llnr  for  on  nlomlcnUy  Conn 

°“AS  ,’™CtlC“1  «*»—  *»•«  the  semiconductor  o,  usually  cov¬ 

ered  by  at  least  a  fee  layer,  of  oxide.  The  present  rarh  resolves  this 

question  la  dicing  thnt  the  oxide  pinning  position  Is  approximately  tho 
snmo  as  thnt  of  tho  metal, 

Thore  Is  an  Interesting  sidelight  to  the  writ  presented  hero. 

Garner  ot  nl00’01  have  studied  tho  effect  of  the  chemical  composition  of 
tho  oxide  present  on  the  foreard  oharactorlstlcs  of  An  Schottky  harriers 
formed  on  „-typo  Gads.  11  In  rosnlts  Ind.cnto  that  the  Schottky  barrier 
IS  proatly  reduced  If  nn  ds  oxide  is  present.02  This  „  consistent  with 
the  Pinning  of  n-type  Gads  being  due  to  an  nccoptor  near  0.7  cv,  resull- 
l"g  from  a  deficit  of  As.  Tho  As  oxides  arc  notoriously  unstable,  nnd 
free  As  may  be  produced  by  the  thick  An  deposition.  Some  free  ds  might, 

1.1  turn,  be  available  for  1, ,  corpora  Mon  l„  the  Cads  anrfnee  region, 
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reducing  the  pinning  states  to  such  a  degree  that  the  Schottky-bavrier 
height  Is  strongly  reduced.  The  fact  that  excess  As  tends  to  remove  the 
pinning  but  Ga  does  not  must  relate  to  the  detailed  hopping  probability 
or  other  details  of  defect  formation  or  reduction  at  room  tempernture. 

To  summarize,  the  model  proposed  here  explains,  to  first  order, 
a  wide  range  of  phenomena  extending  from  Schottky-barrier  pinning  pro¬ 
duced  b"  n  small  fraction  of  a  monolayer  of  metal  to  that  obtained  on  a 
practical  semiconductor  surface  with  a  region  containing  a  few  layers  of 
oxides  after  a  thick  metallic  deposition.  This  lends  credance  to  the 
underlying  physical  model;  however,  much  more  work  must  be  done  to  def¬ 
initively  establish  this  model  and  fill  in  all  of  the  details  which  are 
now  miss ing . 

B ■  Correlation  with  Practical  "Device"  Oxides 

One  of  the  most  fascinating  aspects  of  this  work  has  been  the 
correlation  of  our  fundamental  studies  of  oxygen  chemisorption  and  oxi¬ 
dation  with  the  data  on  interface  states  obtained  from  "device-like"  thick 
oxides  intended  for  MOS  (metal  oxide  semiconductor)  as  well  as  other  de¬ 
vice  applications.  Whereas,  Schottky  barriers  on  3-5's  have  been  used 
practically  for  many  decades,  the  practical  native  oxide  on  3-5's  is  a 
new  development  which  has  not  yet  reached  the  production  stage.  Thus , 
a  recent  object  of  our  work  has  been  to  compare  our  results  for  oxygen 
adsorption  in  relatively  small  quantities  on  the  clean,  cleaved  (110) 
surfaces  with  the  work  from  MIS-type  structures  where  the  device  quali¬ 
ties  were  sufficiently  good  so  that  a  measure  could  be  made  of  the  in¬ 
terface  state  density.  In  Table  I,  we  present  a  comparison  of  our  data 
for  the  "saturated"  pinning  position  obtained  after  the  addition  of  a 
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few  tenths  of  a  monolayer  or  more  of  oxygen  to  tho  suvfnco^  ’  *  *  ’  J‘*  * 

to  the  zero  bins  or  Fermi  lovol  pinning  position  for  the  "practical  MIS 


tlovicos 


Typical  duta  of  this  showing  the  surface  pinning  position 


versus  exposure  for  a  clean  surface  is  given  in  Fig.  10  for  n-typo  GaAs . 

In  order  to  gain  perspective,  Fig.  10  also  contains  similar 
data  on  n-typo  Si  (111).  Whorens ,  tho  oxygen  removes  tho  surface  states 
and  pinning  from  the  Si, 03  tho  situation  is  the  opposite  for  GaAs  (l  10)  ’  1 S 

For  GaAs ,  one  goes  from  an  unpinned  to  a  pinned  situation,  indicating 
creation  of  states  in  the  gap  by  the  oxygon  adsorption.  As  outlined  in 
Section  II,  this  is  not  due  to  tho  movement  of  tho  intrinsic  surface 
states  back  into  tho  band  gap,  but  must  be  duo  to  the  formation  of  ex¬ 
trinsic  statos  in  the  gap.  As  Section  III  indicates,  tho  levels  do  not 
appear  to  be  associated  with  the  oxygon,  but  to  a  lovel  produced  indi- 


roctly . 


In  Table  I,  the  "thick  practical"  data  wns  obtained  from  Hof. 


20;  Wioder  and  his  coworkers  '  have  recent  Indications  of  strong  Inter¬ 
face  states  at  about  1.1  and  1,3  eV,  in  reasonable  correlation  with  the 
pinning  positions  we  obtain  with  a  fraction  of  n  monolayer  of  oxygen. 

Note  that  tho  spread  of  pinning  position  for  either  GaAs  or  InP  is  loss 
than  tho  systematic  difference  in  pinning  positions  in  tho  band  gap  be¬ 
tween  the  two  materials.  Also  given  in  Table  I  are  Schot tky-ba rr Un¬ 
pinning  positions  for  a  large  range  of  metals  on  the  clean,  cleaved  (110) 
faces  of  InP  and  GaAs  (GaSb  is  not  included  in  Table  I  since  we  could 
not  find  data  for  "dev ico-typc"  oxides)  to,  once  again,  emphnsir.o  the 
similarity  between  the  oxide  and  Schottky-bu rr lor  results. 

In  Fig.  11,  wo  prosont  plots  of  interface  states  density  for  a 
thick  "device"  oxide  from  the  work  of  Koshtga  and  Sugam>."“  It  is  clear 
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that  a  state  near  0.7  oV  is  playing  a  dominant  role.  Measurements  of 

interface  density  above  0.7  eV  have  boon  difficult  because*  of  frequency 

effects.  However,  it  is  now  clear  that,  because  of  the  strength  of  the 

level  near  0.7  eV ,  it  is  impossible  to  make1"'  ’  “  *  direct  interface 

state  density  measurements  much  above  0.7  eV . 

This  is  in  contrast  to  the  situation  on  InP  where  interface 

state  density  measurements  can  be  made  through  most  of  the  band  gap.  As 

mentioned  earlier,  there  is  evidence  for  interface  states  about  0.1  and 

65 

0.3  eV  below  the  conduction  band  minimum;  however,  these  seem  to  be 

smaller  in  density  than  for  GaAs  since  inversion  can  be  achieved  in  InP 
65 

but  not  GaAs.  In  general,  Winder  and  his  coworkers  find  the  density 
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of  interface  states  in  InP  to  be  an  order  of  magnitude  less  than  in  GaAs. 

23  .66 

Convincing  evidence  is  not  found  in  the  work  of  Hasegama  et  al 
22 

or  Koshiga  and  Sugano  of  a  peak  in  the  density  of  interface  states  near 

0.5  eV  (there  may  be  some  suggestion  of  such  a  peak  in  Koshiga  and  Sugan- 
22 

o’s  unannealed  sample).  However,  Meiners  has  obtained  evidence  of  pin- 

26,27 

ning  in  this  region.  Thus,  it  appears  that  the  treatments  used  to 

provide  insulating  layers  on  GaAs  definitely  tend  to  suppress  the  0.5  eV 
level  (which  we  tentatively  associate  with  missing  Ga)  and  enhance  the 
0.7  eV  level  which  we  associate  with  missing  As.  , 

In  Fig.  12,  we  present  a  proposed  density  of  semiconductor- 
oxide  interface  states  for  GaAs,  InP,  and  GaSb.  For  the  sake  of  compar¬ 
ison,  Si  is  also  included.  These  density  of  states  are  not  to  be  taken 
seriously  in  detail;  rather,  one  should  concentrate  on  their  general 
features . 

Note  that  the  density  of  interface  states  for  Si  is  generally 
"u"  shaped.  (These  states  are  usually  associated  with  the  strains  due 
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to  tho  lattico  mismatch  between  the  semiconductor  and  oxide.)  For  the 

J-5's,  we  superimpose  on  those  "u"-shapod  background  broad  peaks.  These 

are  associated  with  the  deficit  centers  proposed  earlier  due  to  missing 

anions  or  cations.  It  should  be  emphasised  that  tho  absolute  values  of 

these  peaks  depend  on  the  method  of  providing  the  insulating  layer .  For 

example,  the  state  near  0.7  oV  in  GnAs  (associated  with  missing  As)  is 

clearly  dominant  in  the  "practical"  samples  mentioned  here ;21~27 -GG 

whereas  ,  clear  evidence  of  a  level  near  0.5  oV  is  only  found  in  one 
26,27 

study.  Thus,  it  appears  that  it  is  fairly  easy  to  suppress  t he  0.5 

oV  level  (associated  with  a  G*  deficit)  in  preparing  an  MOS  structure  on 
GaAs  ,  but  that  tho  level  at  0.7  eV  associated  with  a  deficit  of  As  is 
universally  strong  in  tho  data  studied  to  date. 

A  similar  situation  appears  to  occur  for  InP  in  which  tho  level 
near  1.2  oV  (tentatively  associated  by  us  with  an  In  deficit)  dominates. 
We  found  no  MOS  data  for  GaSb  ;  however,  in  our  own  data,  the  0.1  oV  level 
(associated  with  missing  Sb)  clearly  dominates  at  low  oxygon  coverages; 
however,  there  is  an  indication  of  a  level  near  0.3  oV  at  thicker  cover¬ 
ages.  This  is  also  indicated  in  Fig.  12  and  associated  with  a  missing 
Ga ;  however ,  tho  lack  of  certainty  is  indicated  by  the  question  mark. 


VII.  SUMMARY  AND  00NCLUS  ION’S 

Despite  the  fact  that  Schottky  diodes  have  been  of  practical  im¬ 
portance  for  over  four  decades,  the  mechanism  for  the  Fermi  level  pinning 
which  determines  the  height  of  the  rectifying  barrier  has  not  boon  defi¬ 
nitively  determined.  In  this  paper  and  that  by  Skeath  et  a  1 , ^ ^  as  well 
ns  in  the  papers  by  l.lndau  et  nl1'*  and  Chyo  et  nl,1'1  the  previous 
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suggestions  have  boon  examined  and  rojectod.  Further,  wo  have  put  forth 
a  new  model  based  on  pinning  by  defect  states.  The  defect  formation  is 
caused  by  the  energy  released  when  the  metal  atom  is  ehr  isorbed  on  the 
surface  (see  Fig.  9).  One  point  of  support  for  the  model  Is  the  appear¬ 
ance  of  one  or  more  constituents  of  the  semiconductor  in  the  metal  (see 
Fig.  8). 


Another  critical  result  is  that  the  pinning  position  for  metals  and 
oxygen  is  essentially  identical.  Based  on  the  difference  in  the  elec¬ 
tronic  coni igurn t  ion  for  oxygen  and  metals  (ns  well  as  the  difference  in 
the  metals  themselves  which  extend  from  Cs  to  Au),  it  is  suggested  that 
this  is  only  consistent  with  defects  being  produced  indirectly  by  either 
oxygen  01  metal  adsorption.  Studies  of  the  valence  bnnd  structure  at  the 

surface  (see  Fig.  7)  as  a  function  of  oxygon  adsorption  lend  support  to 
this  . 


Using  our  experimental  data,  we  propose  a  general  model  shown  in 
Fig.  5.  in  that  model,  which  is  the  simplest  one  that  is  consistent  with 
the  available  data,  two  energy  levels  are  present  in  the  band  gap;  one 
due  to  a  missing  anion  is  an  acceptor,  and  the  other,  which  is  due  to  a 
missing  cation,  is  a  donor.  A  simple  suggestion  for  the  defects  is  that 
they  are  anti-site  defects.  In  the  case  of  the  acceptor  for  GaSb,  how- 
over,  there  is  evidence  that  it  arises  from  a  more  complex  center  such 
as  Ga  on  an  Sb  site  associated  with  a  Ga  vacancy.'18  It  is  clear  that  a 
major  effort  must  be  made  both  theoretically  and  experimentally  to  iden¬ 
tify  and  understand  these  defects  at  or  near  the  surface.  Any  possible 
interactions  between  the  metallic  wave  functions  and  the  defect  levels 
also  need  investigation.  One  would  think  that  the  understanding  of  de¬ 
fects  in  the  bulk  of  3-5's  could  be  drawn  upon:  however,  it  appears  that 
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C“*,r°n,C  ,CVe1'  aSSOClM“'  *>“  *»«•  are  no,  ,„2UC„ 

. .  ‘°  ^  Clearly,  tbo  understanding  of 

erects  a,  „,e  surface  in  „lllk  u  a„  ai.oa  ^  ^  ^ 

needed.  Theory  and  such  experiments  such  as  spin  res 

as  spin  resonance  studios 

soon  especially  appropriate. 

^Win  “,6T  "a"°  n°t0d  tta'  *»*  — 1  pinning  ,,0,Ui„„ 
on  PM*.  ...Me.  m  ^  princely  by  tbe  ablon.  Thls  _ 

Plo)  13  produced  by  removing  .  cation  and 'or  placing  .  „„  .  ^ 

thUS  f0r"‘nB  *  ^  »>«...  ,l,e  pinning 

W1U  "  tC  b°  dC,~  *  -  *»*-  oasb  1.  a  spec  la  1  cane 

“  “  ““  *tat  “  “  -'“‘'V  romoved ,  louring  oore 

b-type  Oadb  but  not  on  p-tvpe  material  , .  , 

enal,  m  agreement  with  tbo  findings 

of  McCa  Id  In  et  of  .  „ro  barrier  on  p-,5Te  Cafb. 

Since  our  model  by  Its  very  nature  applies  semiconductor  oaide 
interfaces  as  ,«U  as  Schottby  barriers.  t„e  detailed  reasons  for  thc 
d il f lcul t ies  in  pirating  tbo  3-3  as  cornered  to  Si  become  more 

out.  in  addition,  .v  find  t,,t  tbo  poabs  in  tbe  density  of  interface 
states  in  M.s  devices  correspond  ratber  .1,  th0  ^ 

identified  in  our  fundamental  studies,  our  models  for  tbe  interface 

states  arc  presented  in  Fi£s .  5  and  12.  For  ClU 

i  G.n\s  ,  a  state  near  mid -pap 

whicli  wo  associate  with  an  As  deficit  is  e,,  , 

*  iS  found  to  dominate  ;  whereas,  for 

^  the  dominant  state  is  near  the  conduction  hand  minimum. 

-  conclude,  there  is  evidence  indicating  tbat  Scbottby-barrler  pin- 
ninp  on  3-5  's  as  wen  e 

the  interface  states  at  i-s  <iviri 

at  ‘  J  °xido  interfaces  are 

d»e  to  cnerpy  levels  produced  by  defects  for,,,  . 

J  tCtb  formcd  «>*  putt inp  down  the  metal 
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or  oxygen  on  the  semiconductor.  However,  much  more  work  must  be  done  to 
tie  down  the  detailed  nature  of  these  defects  as  well  ns  to  test  and 
quantify  the  model. 

An  important  aspect  of  this  model  is  that  it.  suggests  mays  by  which 
both  the  Sehot tk>-harrier  height  and  the  interface  state  density  at  the 
oxide  interface  may  be  changed,  e.g.,  by  treating  the  sample  to  reduce 
or  otherwise  modify  the  interface  state  density.  The  work  of  Garner  et 
al  possibly  gives  some  evidence  of  this  .  ^ 

It  should  be  noted  that  we  have  compared  Fermi  level  pinning  and 
interface  states  on  different  crystal  faces.  The  fact  that  agreement  is 
found  under  such  procedures  gives  further  evidence  that  the  states  in¬ 
volved  are  defect  states  which  are  not  strongly  affected  by  the  crystal 
face.  IIUs  gives  further  evidence  that  the  pinning  defects  probably  lie 
just  below  the  surface  and  are  due  to  crystal  defects.  Heimo’s68  review 
of  deep  "accidental"  defects  in  bulk  GaAs  shows  a  broad  peak  about  0.7 
cV.  Tims,  there  may  be  a  close  connection  to  the  pinning  defects  created 
near  the  surface  by  adluyers  and  defects  in  the  bulk  of  the  semiconductor. 
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concentrate  our  attention  on  these  states  in  this  paper.  However, 
if  the  native  oxide  is  successfully  removed  before  the  new  insulator 
is  deposited,  it  is  anticipated  that  the  same  general  mechanism  of 
interface  state  formation  will  occur  due  to  the  difficulty  of  chem¬ 
ically  bonding  the  insulator  to  the  semiconductor. 
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Figure  Captions 


1.  A  schematic  drawing  of  the  lattice  and  electronic  structure  of  the 

GaAs  (110)  face  after  rearrangement  (relaxation).  The  As  surface 

3 

atoms  have  taken  up  a  p  bonding  arrangement  (with  two  electrons 
f)  3 

in  a  -ls~  filled  state),  while  the  C.a  has  gone  from  the  bulk  sp  to 

o  3 

a  sp*"  arrangement.  Since  the  p  bond  angles  are  more  acute  taan 
the  bulk  sp3  bonds,  the  As  moves  outward;  conversely,  the  Ga  moves 
inward.  The  movements  are  large  (large  fractions  of  an  angstrom). 
Tills  rearrangement  moves  the  filled  and  empty  surface  states  out 
of  the  band  gap.  However,  since  the  surface  lattice  is  no  longer 
lattice  match  to  the  bulk,  there  is  strong  strain  at  the  surface. 

2.  Measurements  of  the  axclton  produced  by  optical  excitation  from  the 
Ga  3d  core  level  to  the  lowest  lying  intrinsic  empty  states  at  the 
surfaco.  For  sample  LD1C,  the  Fermi  level  was  not  pinned  at  the 
surface;  whereas,  in  sample  MCF'B,  it  was.  As  can  be  seen,  the  po¬ 
sition  of  surface  oxcitons  are  the  same ,  independent  of  pinning. 

This  establishes  that  the  pinning  is  not  due  to  intrinsic  surface 
states.  The  upper  curves  in  each  panel  indicate  the  change  in  the 

Q 

excitcn  as  a  function  of  oxygen  exposure.  By  an  exposure  of  10  to 
107  L  (a  few  percent  of  a  monolayer),  the  exciton  is  no  longer  seen. 
Tills  is  roughly  the  exposure  at  which  the  valence  band  disorders 
(as  will  bo  shown  in  Fig.  7). 


108 


Starting  with  a  clean  cleavage  face  (110)  of  an  n-typo  GaSb  crystal, 

Cfl  (panel  a)  or  oxygen  (panel  b)  is  added  as  indicated  on  the  abs¬ 
cissa.  in  both  cases,  the  surface  Fermi  level  position  moves  through 
the  band  gap  and  pins  at  about  0.1  eV  above  the  VBM  for  submonolayer 
coverages.  Similar  motion  of  the  surface  Fermi  level  is  seen  in  GnAs 
and  InP  with  oxygen  and  metals.  However,  the  final  pinning  positions 

are  different. 

A  summary  of  the  final  surface  Fermi  level  pinning  positions  obtained 
by  experiments  similar  to  those  detailed  in  Fig.  3  for  a  wide  variety 
of  metals  and  oxygen  on  GaAs ,  InP,  and  GaSb.  The  positions  are  lo¬ 
cated  no  better  than  +0.1  eV.  Note  the  striking  differences  in  the 
surface  Fermi  level  positions  between  the  three  semiconductors. 

A  model  of  extrinsic  states  produced  near  or  at  the  surface  by  per¬ 
turbing  the  surface  through  addition  of  metals  or  oxygen  to  the  sur¬ 
face.  Each  level  is  tentatively  associated  with  a  deficit  of  a  anion 
or  cation;  however,  it  is  unlikely  that  the  defect  is  a  vacancy. 

More  likely,  it  is  an  anti-site  or  more  complicated  defect. 

The  surface  Fermi  level  position  for  n-  and  p-type  InP  as  a  function 
of  oxygen  exposure  (and  approximate  coverage).  The  initial  cleaved 
surfaces  were  pinned  due  to  extrinsic  defects;  however,  this  appears 
to  have  no  offect  on  the  final  pinning  position.  The  last  o'-ygen 
exposure  <1012  L,  then  +107  L  EO)  was  made  with  oxygen  excited  by 
turning  on  an  ionization  gauge  (see  Refs.  3  and  18). 
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7.  Energy  distribution  curves  (EDCs )  from  tiio  valence  states  of  GaAs 

within  a  few  atomic  layers  of  the  surface  ns  a  function  of  oxygen 

0 

exposure.  Up  to  10  L,  the  structure  is  relatively  sharp  and  un¬ 
changed  by  the  oxygen.  Near  101'  L,  there  is  un  abrupt  loss  of 
structure  for  E  >-5  cV.  This  is  associated  a  i  th  a  partial  disor¬ 
dering  of  the  surface  in  which  lattice  defects  may  be  formed. 

8.  EDCs  taken  as  Au  is  very  slowly  (see  Pvef.  11)  deposited  on  GaAs. 

hv  =  120  oV  so  that  one  can  clearly  see  the  Sb  Id  ai.d  Ga  3d  core 
levels  as  well  as  the  Au  5d  valence  levels.  The  sampling  depth  is 
about  two  layers.  Note  that,  even  after  many  layers  of  Au  have 
been  applied,  the  Sb  4d  signal  is  relatively  strong  but  there  is 
no  Ga  signal.  This  establishes  the  movement  of  Sb  from  the  semi¬ 
conductor  to  the  surface.  Both  anions  and  cations  arc  seen  to  move 

to  the  metal  surface  when  GaAs  and  InP  are  studied  in  the  same  man¬ 

ner  . 

9.  Schematic  of  suggested  defect  mechanism  due  to  deposition  of  metal 
atoms  on  clean  3-5  surfaces.  This  process  (i.c.,  a  defect  must  bo 
formed)  needs  occur  only  about  once  for  every  hundred  metal  atoms 
striking  the  surface  in  order  to  explain  the  Fermi  level  pinning. 

10.  The  movement  of  the  surface  Fermi  level  in  n-tvpe  cleuv  d  Si  and 

GaAs.  The  clean  Si  is  pinned  by  intrinsic  surface  stal  •  which  arc 

removed  by  approximately  a  monolayer  of  oxygen  and  the  band  bending 
disappears.  In  contrast,  the  clean  GaAs  (110)  is  originally  un¬ 
pinned  but  becomes  pinned  with  the  addition  of  a  small  amount  of 
oxygen . 


110 


11.  Interface  states  from  a  thick  MOS  layer  formed  and  measured  by 
Koshiga  and  Sugnno  (Ref.  22), 

12.  Model  of  interface  states  for  GaAs,  InP,  and  GaSb  MIS  Structures 
based  on  the  present  work. 
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Chapter  6 


chemisorption  and  oxidation  studies  OF  the 

oirorAPTrc;  of  GaAs .  Gabb  ,  AND  inP 


P.  Plane tta,  I.  Lindau, 
c.  M.  Garner,  and  W.  E.  Spicer 
Stanford  Electronics  Laboratories 
Stanford  University 
Stanford ,  California  94305 


The  surface  chemistry  of  cleaved  GaAs  (110)  (and,  to  a  lesser 
xtent ,  InP  and  GaSh,  Is  studied  a,  a  function  of  oxygon  exposure  (both 
nexclted  and  excited,  .1th  soft  X-ray  photoemlssloh  spectroscopy.  When 
he  cleaved  GaAs  (110,  surface  Is  exposed  to  molecular  oxygen  m  the 
round  state,  chemisorption  to  only  the  arsenics  tabes  place.  No  back 
)onds  are  broken  even  for  large  exposures.  Boom  temperature  oxidation 
„  the  surface  can  be  Induced  by  exciting  the  oxygen,  e.g..  by  ah  Ioni¬ 
sation  gauge.  The  adsorption  of  excited  oxygen  Is  Initially  the  same 
as  for  the  unexcited,  except  500  times  faster.  However,  after 
a  monolayer  has  been  adsorbed,  further  exposure  to  excited  oxygen  causes 
back  bonds  to  he  broken  and  A.,,0,  and  Ga^  are  formed.  Larger  doses 
excited  oxygen  result  In  the  tormatlon  of  thicker  oxides  composed 
primarily  of  0a,03  .1th  small  amounts  of  elemental  As  (or  As  bound  to 
only  one  Ga,  and  As^,  most  of  which  has  sublimed  fro.  the  surface. 

NO  As.,0.  is  seen  In  the  thicker  oxide  because  there  Is  a  deficiency  of 
oxygen ,  and  any  partially  oxidized  Ga  present  will  reduce  the  arsenic 

oi.mr.th  for  GaAs  (110)  was  measured  for  electron  di¬ 
oxides.  The  escape  depth  fo:  GaAs  <.1 

j  onn  <±\r  This  rriiicG  includes  the  lulnituu 
netlc  energies  between  20  and  200  eV.  This  range 

t„  the  escape  depth  which  Is  about  0  A  at  60  eV.  No  chemical  shift  In 
the  core  levels  better  the  atoms  on  the  surface  and  In  the  bulk  was 
observed.  GaSb  (110,  and  InP  (110,  surfaces  were  also  studied.  InP 
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behaves  Like  GaAs ,  .here.s  the  G.Sb  Is  oxidized  immediately  even  when 
exposed  to  only  unexcited  oxygen.  The  oxygen  uptake  curves  tor  GaSh 
and  GaAs  .ere  compared  and  found  to  be  quit.  different  with  a  sticking 

A  -10 

n  v  -if)”"*  for  GaSb  and  8  X  10  for 
coefficient,  at  zero  coverage,  of  2  X  10  f 

t 

GaAs  . 
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I.  introduction 


The  surface  physics  and  chemistry  of  III-V  compound  semiconductors 
have  attracted  considerable  interest,  both  experimental  and  theoretical. 
One  of  the  things  that  makes  III-V  compounds  such  as  GaAs  so  interesting 
from  a  fundamental  point  of  view  is  the  effect  of  the  polar  nature  of  the 
fundamentally  covalent  Ga-As  bond  on  the  surface  properties  of  the  crys¬ 


tal.  III-V  compounds  also  have  important  practical  applications  such  as 

infrared  detectors,  high  frequency  MOS  devices,  and  light  emitting  diodes 

One  of  the  major  obstacles  in  fabricating  GaAs  MOS  devices,  as  well  as  in 

many  other  applications,  is  that  it  is  very  difficult  to  passivate  the 

surface.  Much  vrark  has  been  done  in  this  area,  but  no  oxides  with  the 

favorable  properties  characteristic  of  silicon  based  devices  have  yet 

been  developed.  Thus,  it  is  very  important  to  gain  more  insight  into 

1 

the  chemistry  of  the  oxide  semiconductor  interface. 

Crystals  of  the  III-V  compounds  have  the  zincblende  structure,  and 
we  should  note  that,  in  terminating  the  lattice  to  create  the  ideal  sur¬ 


faces,  one  covalent  bond  per  surface  site  has  been  broken,  leaving  three 
intact.2  On  the  (HO)  surface,  which  is  the  cleavage  face  of  the  III-V 
semiconductors,  a  rearrangement  of  charge  takes  place  and  it  becomes  ener¬ 
getically  favorable  for  the  surface  atoms  to  seek  a  bonding  configuration 
more  characteristic  of  their  covalent  bonding  in  small  molecules.  To  be 
more  precise,  a  simplified  version  of  the  currently  accepted  model  is  that 


the  surface  Ga  now  has  only  three  electrons  (in  an  sp“  configuration),  ^ 
all  involved  in  back  conding,  while  the  As  has  five  electrons  (in  a  pV 
configuration),  three  of  these  electrons  take  part  in  the  back  bonds  (p3) 
and  the  remaining  two  (s2)  are  the  "dangling  bond  orbitals ."““l  This 
charge  rearrangement  has  two  important  consequences.  First,  the  change 
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in  the  bonding  configuration  of  the  surface  atoms  results  in  a  distortion 


of  the  lattice  at  the  surface  consistent  with  the  planar  sp“  Ga  back 

3 

bonds  and  the  prismatic  p  As  back  bonds.  Fig.  1  (wo  should  note  this 

relaxation  is  not  tota 1 )  ,3 ’ ^ ' b  Secondly,  since  all  of  the  electrons  on 

the  surface  Ga  are  used  in  forming  the  back  bonds,  the  Ga  has  no  filled 

surface  stato  orbitals.  Hie  surface  As  atoms,  on  the  other  hand,  have 

two  available  electrons  to  contribute  to  the  filled  surface  stato  band 

1  2 

which  lies  well  below  the  valence  band  maximum.  *  The  position  of  the 
filled  and  empty  surface  states  on  an  energy  level  diagram  is  also  shown 
in  Fig.  1  after  Gregory  et  al."'^’ 

The  basic  aspects  of  this  model  can  also  be  applied  to  the  polar 
faces  in  order  to  explain  the  greater  chemical  activity  of  the  As-termi¬ 
nated  (ill)  face  with  respect  to  the  Ga-terminated  (111)  face.  However, 
the  experimental  situation  for  the  polar  faces  is  not  as  well  defined  as 
for  the  cleaved  (110)  surface  since  the  surface  atoms  on  the  polar  sur¬ 
faces  probably  have  somo  unsaturated  bonds.  This  situation  could  be  caused 
by  deficiencies  in  the  available  surface  preparation  techniques  or  funda¬ 
mental  problems  arising  from  the  polar  nature  of  these  surfaces 

One  of  the  major  predictions  c.t  the  model  of  Fig.  1  is  that,  for  the 
(110)  surface,  oxygen  is  adsorbed  preferentially  on  the  arsenic  atoms  by 
interacting  with  the  filled  surface  states.  Furthermore,  since  all  the 
bonding  electrons  associated  with  the  surface  gallium  atoms  are  involved 
in  the  back  bonds,  the  oxygen  will  bond  to  the  gallium  only  after  one  or 


more  of  the  back  bonds  are  broken. 


2,7.13 


The  oxidation  of  GaAs  has  been 

2.U 


studied  extensively  by  ultraviolet  photoemission  spectroscopy  (UPS), 
ellipsometry electron  energy  loss  spectroscopy  (EELS),*b,*<  Auger  elec¬ 
tron  spectroscopy  (AES ) , '  *  * ' 1 b and  low  energy  electron  diffraction 


i:: 


(LEED)  5,13  The  early  experimental  work  on  the  cleaved  (HO)  surface 

2,15,16 

gave  results  that  were  consistent  with  the  predictions  outlined  above, 
whereas  recent  results  on  the  polar  surfaces  have  been  interpreted  to 
mean  that  the  oxygen  sticks  preferentially  to  the  surface  Ga  atoms. 

However,  the  conclusions  from  one  of  the  studies1'  on  the  polar  surfaces 

19 

are  based  on  indirect  evidence  whose  interpretation  is  open  to  que  tion. 

The  interpretation  given  in  the  second  set  of  studies1"  is  probably  cor¬ 
rect,  but  the  polar  faces  used  had  unsaturated  Ga  bonds  so  that  adsorp¬ 
tion  on  the  Ga  sites  does  not  necessarily  disagree  with  the  model  of  Fig. 

1  (this  point  will  bo  discussed  at  the  end  of  Section  III.B). 

In  our  recent  work7'13  on  the  GaAs  (110)  surface,  we  showed  defini¬ 
tively  that  there  is  a  charge  transfer  from  surface  As  atoms  to  chemi¬ 
sorbed  oxygen.  We  interpreted  this  to  mean  that  the  oxygen  is  bound 
preferentially  to  surface  As  atoms,  in  agreement  with  the  earlier  work 
cited  above.  We  have  also  shown  that  InP  behaves  in  the  same  way  as  GaAs. 
whereas  the  oxidation  of  GaSb  proceeds  in  an  entirely  different  manner. 

In  GaSb ,  the  oxygen  bonds  both  species  breaking  the  Ga-Sb  back  bonds. 

This  latter  effect  can  then  be  compared  to  the  situation  when  the  GaAs 

20 

(110)  surface  is  exposed  to  excited  oxygen, 

,  In  this  paper,  we  will  present  a  detailed  analysis  of  our  previously 

reported  results  and  new  data  on  the  very  heavily  oxidized  surface  of 
GaAs  (110),  which  gives  us  greater  insight  into  the  oxidation  of  GaAs. 

All  the  results  presented  here  were  obtained  with  soft  X-ray  photo¬ 
emission  spectroscopy  (SXPS)  using  synchrotron  radiation  from  the  4 3 
line"  at  the  Stanford  Synchrotron  Radiation  Project  in  the  photon  energy 
range  32  eV  <  hv  <  350  eV.21  This  photon  energy  range  is  interesting 
hprmsp  it  allows  us  to  observe  both  the  valence  band  and 


several  core  levels  from  both  the  Ga  and  As  at  high  resolution  (0.25  eV) . 
By  tuning  through  the  available  photon  energies,  we  are  able  to  adjust 
the  kinetic  energies  of  the  various  levels  to  be  roughly  between  20  and 
200  eV.  This  is  possibly  the  most  significant  aspect  of  our  experiments 
because  the  escape  length  of  electrons  in  a  material  is  strongly  depen¬ 
dent  on  the  electron  kinetic  energy,  and  this  escape  depth  goes  through 
a  minimum  of  <10  A  for  kinetic  energies  between  50  and  150  eV  for  most 

O 

materials • 

The  experimental  methods,  such  as  LEED ,  AES,  and  UPS,  that  were 
used  in  the  earlier  oxidation  studies  all  have  high  surface  sensitivity. 
However,  they  lack  the  chemical  information  which  can  be  obtained  from 

•■>3 

X-ray  photoemission  (XPS)  studies  of  core  level  shifts.-  AES  can  be 
used  to  look  at  chemical  shifts,  but  the  use  of  an  e-beam  as  the  excita¬ 
tion  source  can  desorb  the  oxygen  or  destroy  the  integrity  of  the  sur- 
„  IS, 20, 24 

face.  This  damage  is  minimized  when  using  UV  light  or  X-rays. 

However,  conventional  XPS  (hv  =  1486.7  or  1253.6  eV)  lacks  the  necessary 
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surface  sensitivity.  With  SXPS ,  not  only  can  we  study  the  chemical 
shift  of  core  levels  upon  forming  a  chemical  bond,  but  we  can  also  per¬ 
form  these  studies  at  submonolaver  coverages  due  to  the  inherent  surface 

7  ^3 

sensitivity  of  the  technique.  ’  '  In  our  experiment,  we  adsorb  oxygen 

on  GaAs ,  GaSb ,  or  InP  and  observe  any  core  level  shifts  that  take  place 

upon  adsorption.  We  then  measure  the  magnitude  of  the  core  level  shifts 

and  correlate  these  shifts  with  chemical  shift  measurements  made  on  bulk 

oxides  using  conventional  XPS.  This  correlation  allows  us  to  determine 

the  type  of  oxides  forming  at  the  surface  in  a  relatively  straightforward 
23  . 

way.  The  ratio  of  the  area  of  the  shifted  to  unshifted  peaks  can  be 
used  to  determine  coverages  versus  exposure  as  well  as  escape  depth  in¬ 


formation  . 


In  Section  II,  we  will  discuss  the  experimental  apparatus,  procedure, 
and  results.  Section  III  will  contain  the  discussion.  In  this  section, 
we  will  correlate  the  chemical  shifts  obtained  from  the  surface  oxidation 
of  GaAs  (110)  to  the  shifts  obtained  from  ESCA  measurements  of  bulk  ox¬ 
ides.  These  correlations  will  then  be  used  to  give  a  model  for  the  oxi¬ 
dation  of  Ga As  (110),  starting  from  surface  chemisorption  and  ending  with 
the  formation  of  actual  bulk  oxides.  We  will  also  determine  the  escape 
depth  for  GaAs  as  a  function  of  photon  energy  as  well  as  show  a  differ¬ 
ence  in  adsorption  kinetics  between  GaAs  (110)  and  GaSb  (110). 

II.  EXPERIMENTAL 

A .  Apparatus 

The  experimental  chamber  consists  of  a  stainless  steel  UHV  bell 
jar  and  base  pressure  <1  X  10  torr .  The  pumping  system  is  a  240  L/ 
sec  ion  pump  plus  titanium  cryopump  with  a  poppet  valve  for  sealing  the 
pump  from  the  main  chamber.  The  chamber  contains  a  double  pass  cylindri¬ 
cal  mirror  analyzer  (Physical  Electronics),  a  cleaver,  and  a  sample  ma¬ 
nipulator  capable  of  holding  four  samples  for  cleaving,  one  sample  for 

heat  cleaning  (T  «  2000°C)  and  a  substrate  upon  which  Au  or  Cu  may 
max 
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be  evaporated  for  Fermi  level  (and  thus  binding  energy)  determinations. 

An  evaporator  which  contains  copper  and  gold  beads  is  also  housed  in  the 
chamber . 

Research  grade  oxygen  was  admitted  into  the  vacuum  system 
through  a  bakeable  leak  valve.  For  large  exposures  (pressures  up  to  750 
mm  0o) ,  an  auxiliary  pumping  system  was  used  to  return  the  main  chamber 

“  i  ' 

— s  * 

to  pressures  below  ~10  torr.  This  system  consisted  of  vacsorb  pumps, 
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an  ion  pump,  and  all  the  necessary  gauging  to  measure  pressures  for  the 
gas  exposures. 

-11  _5 

Pressures  between  10  and  10  torr  were  measured  by  a  Red¬ 
head  cold  cathode  ionization  gauge  (NRC)  located  in  the  main  vacuum  sys¬ 
tem.  This  pressure  range  was  used  for  exposures  up  to  10"*  L  (1  L  =  10-^ 
torr/sec)  where  the  exposure  tine  was  no  longer  than  103  sec.  A  hot 
filament  ionization  gauge  with  Thoria  coated  iridium  filaments  (Varian) 
was  also  located  in  the  main  vacuum  system.  This  gauge  was  used  initially 
to  check  the  cold  cathode  gauge  and,  more  importantly,  as  a  source  of 
excited  oxygen  when  used  during  a  gas  exposure.  The  effect  of  the  ion 


gauge  on  the  oxidation  will  be  treated  in  a  later  section. 

_  -5 

Pressures  between  10  and  0.6  torr  were  measured  by  a  milli- 
torr  gauge  (Varian)  located  in  the  auxiliary  pumping  system.  This  pres¬ 
sure  range  gives  exposures  between  104  L  and  «109  L.  A  thermocouple 
gauge  (Hasting  DV-4)  again  in  the  auxiliary  pumping  system,  was  used  for 
pressures  between  1  and  20  torr,  giving  exposures  between  10?  L  and  2  x 
101  L.  For  larger  exposures  of  up  to  101"’  L,  a  mechanical  vacuum  gauge 
(Wallace  and  Tiernen)  was  used,  measuring  pressures  up  to  800  torr. 


The  synchrotron  radiation  is  nionochromatized  by  a  grazing  in¬ 
cidence  monochromator  (resolution  0.2  A)  with  a  refocusing  mirror  located 

26 

after  the  exit  slit.  The  radiation  enters  the  chamber  through  a  bake- 
able  straight  through  valve.  The  energy  of  the  photoemitted  electrons 
is  then  determined  by  the  double-pass  cylindrical  mirror  analyzer  oper¬ 
ated  in  the  retarding  mode.  This  mode  ensures  a  constant  resolution 
which  is  equal  to  0.6^  of  the  electron  pass  energy  through  the  analyzer. 
In  these  experiments ,  we  used  a  pass  energy  of  25  eV,  giving  an  electron 


energy  resolution  of  0.15  eV .  At  hv  =  100  eV,  typical  “counting  rates 
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electron  current  In  SPEAR  of  20  ma . 

signals  fro.  the  electron  energy  nnalyrer  .r.  and 

£0d  into  a  2048  channol  slgnnl  averager  (Tracer  Northern)  used  »»  a  mul 

tlchnnnol  sealer.  The  energy  of  the  detected  electrons  «  controlled  hy 

the  signal  averager  through  a  voltage  ramp  synchronised  «lth  the  — ry 

sweep . 

i  n  these  experiments  are  To 

The  samples  that  were  studied  in  these  27 

,  ,  ,  y  1017  cnf3  and  n  -  0.5  X  10l°  cm"'  f  and 

doped,  n-type  GaAs  (n  =»  3,o  \ 

,  /  «  y  101B  cm"3)  from  Laser  Diode  (LD)  Corpora- 

Zn  doped  p-type  GaAs  (p  =  b  X  10  cm  ^ 

,  io18  cm"3)  from  Asarco :  and  Zn 

tion;  Te  doped  n-type  Gabb  (n  »  1.1  X 

TP  (n  =1  •»  '<  1018  cm"3)  from  Varian  Associates.  The  GaAs 
doped  p-type  InP  (p  3  -  x  1U 

and  GaSb  samples  were  rectangular  prisms  5  X  5  X  10  mm  ,  and  the  InP  was 
2  x  5  X  10  mm3.  m  all  tho  samples,  tho  (110)  axis  was  along  the  long 

dimension , 

D .  Procedure 

First,  the  samples  were  cleaved  along  the  (110)  P^nes  by 
siowly  squeezing  the  sample  between  the  annealed  copper  anvil  and  tung¬ 
sten-carbide  Knife  o<  the  cleaver.  Th.  cleaved  sample  is  then  inspected 
visually  to  ensure  the  clonve  has  a  mlrror-llhe  finish.  A  set  of  spectra 
1,  taken  for  22  <  hv  <  200.  No.  the  sample  Is  ready  to  he  exposed  to 
oxygen.  Tho  pump  Is  valued  off  fro.  the  main  chamber  with  the  poppet 
valve,  partially  for  exposures  below  10 ‘  L  and  completely  for  large- 
exposures.  The  gas  is  admitted  and  the  pressure  monitored.  After  the 
desired  exposure  Is  reached,  the  majority  of  the  gas  Is  removed  with  the 

When  the  chamber  reaches  a  pressure  below 


auxiliary  pumping  system. 


~10  ’  the  poppet  valve  is  opened  and  the  main  pump  takes  the  chamber  to 

pressures  bale.  5  ~  lo'10  torr  for  all  *as  exposures  that  are  performed. 
DurlnB  these  exposures,  the  stroleht  through  valve  Into  the  grazing  in¬ 
cidence  monochromator  has  been  closed  and  Is  not  opened  until  the  pres¬ 
sure  in  the  chamber  <1  x  lo'9  torr.  Kith  this  scheme  for  making  the  gas 
exposures,  the  chamber  is  returned  to  its  base  pressure  very  quickly. 
Using  the  technique  described  above,  the  majority  of  the  gas  is  pumped 
out  in  the  first  45  sec  and  working  pressure  is  achieved  within  10  to  15 
minutes,  giving  a  minimum  of  down  time  between  spectra. 

The  exposures  with  excited  oxygen  are  performed  with  the  ion 
gauge  in  the  main  chamber  turned  on.29  This  gauge  is  out  of  line  of 
sight  of  the  sample  so  that  the  gas  molecules  must  strike  at  least  two 
surfaces  before  hitting  the  sample.  However,  for  the  larger  exposures, 
it  is  also  possible  that  the  oxygen  is  deflected  to  the  sample  through 
collisions  with  other  gas  molecules  since  the  mean  free  path  of  the  mol¬ 
ecules  is  between  1  and  10  cm  for  the  pressures  used  in  the  ion  gauge  ex¬ 
posures  (10  “  to  10"J  torr).  Two  different  ion  gauge  emission  currents 
were  used  in  the  exposures.  One  emission  current  seting  was  4.0  ma  (for 
pressures  below  10~4  torr),  and  the  other  was  0.4  ma  (for  pressures  be¬ 
tween  10  “  and  10'J  torr).  We  did  not  directly  determine  if  there  was  a 
tenfold  increase  in  the  amount  of  excited  oxygen  in  going  from  the  0.4 
to  4.0  ma  emission  currents,  but  the  results  of  the  oxidation  indicate 
that  this  should  be  the  case.29 

The  binding  energies  in  these  studies  are  measured  relative  to 
the  valence  band  maximum  of  the  clean  surface.  Binding  energies  with  re¬ 
spect  to  the  Fermi  level  can  be  determined  by  referring  the  unknown  bind¬ 
ing  energies  to  either  the  4f  levels  of  Au  (binding  energy  =  84.0  eV)  or 
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the  Fermi  level,  of  a  gold  film  evaporated  in  situ  on  a  substrate  in  eiec- 
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trical  contact  with  the  sample."" 

In  all  the  figures  that  follow,  in  which  we  show  spectra  for 
clean  and  oxidized  samples  on  the  same  graph,  the  horizontal  binding  en¬ 
ergy  scale  refers  to  the  clean  spectrum.  The  spectrum  of  the  oxidized 
samples  are  adjusted  so  that  the  various  unshifted  peaks  line  up  consis¬ 
tently.  This  must  be  done  because  the  Fermi  level  pinning  for  those  sam¬ 
ples  changes  as  a  function  of  oxygen  exposure  so  that  binding  energies 
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referenced  to  the  Fermi  level  vary.  *  Furthermore,  the  structure  in 
the  valence  band  also  changes  considerably  with  oxidation  so  that  the 
unshifted  core  levels  must  again  be  used  as  standards.  Beyond  10  L0o , 
the  position  of  the  Fermi  level  has  stopped  moving  so  that  we  may  use 
the  measured  energy  positions  of  the  peaks  as  a  consistency  check. 

C .  Results 

In  Fig.  2,  we  show  spectra  for  the  clean  and  oxidized  GaAs 
(110)  surface  at  hv  =  100  eV .  As  we  expose  the  surface  to  oxygen,  we 
see  a  single  peak  (Eg  *  43.7  eV)  growing  2.9  eV  below  the  As-3d  peak 
(E  a  40.8  eV)  with  a  proportionate  decrease  in  the  As-3d  intensity. 

This  is  a  chemically  shifted  peak  indicating  a  transfer  of  charge  fivm 
the  surface  As  atoms  to  the  adsorbed  oxygen.  Concurrent  with  the  ap¬ 
pearance  of  the  shifted  arsenic  peak,  we  see  the  0-2p  resonance  level 
at  a  binding  energy  of  about  5  eV.  As  we  go  to  higher  exposures,  the 

shifted  As-3d  peak  and  0-2p  level  grow  simultaneously  until  saturation 

9  12 

is  reached  between  10  and  10  L0o .  We  interpret  the  filling  in  of  the 
valley  between  the  shifted  and  unshifted  peaks  as  due  to  the  overlap  be¬ 
tween  these  two  peaks  since  all  the  observed  structure  can  be  accounted 


for  by  this  overlap  without  introducing  any  intermedia*,  statue.  The 

elimination  of  any  such  intermediate  states  has  important  implications 

•hen  it  comes  to  understanding  the  type  of  ligand  which  gives  rise  to 
the  As  I  peak . 

An  estimate  of  the  relative  amount  of  oxidized  As  atoms  on  the 
ce  can  he  obtained  by  comparing  the  areas  under  the  shifted  and  un¬ 
shifted  peaks,  mis  is  done  in  Fig .  3 ,  where  we  plot  the  are,  in  rela¬ 
tive  units  under  the  shifted  and  unshifted  peaks  M  a  function  of  expo¬ 
sure.  Here,  the  sum  o,  the  areas  under  the  sifted  and  unshlf.ed  peaks 
-lalized  to  unity.  As  expected,  the  amount  of  oxidized  arsenic 
increases  while  the  unoxidized  decreases  for  Increasing  exposure.  At  io6 

Wher'  "  ,lrSt  ’*“*  *"  *■»  •«*>*  «  •*»«  in  the  valence  band 

•s  well  as  seeing  a  chemically  shifted  As-3d  level,  the  coverage  is  only 
about  2%  oi  saturation. 

If  we  consider  only  the  points  up  to  an  exposure  of  5  x  io9 

“2  l"  FlE'  3'  3atur»tl<>”  Atous  to  have  been  reached  at  about  109  Lo, . 

If,  however,  we  include  the  point  at  1012  u>2,  which  gives  a  1.7  «J. 

Increase  in  coverage  over  that  at  109  ID,,  the  apparent  saturation  expo¬ 
sure  is  Increased  by  three  orde.„  of  magnitude.  At  present,  we  will  not 
Place  too  much  emphasis  on  this  one  point  because  the  spectrum  for  IO12 
IX^was  obtained  by  exposing  a  freshly  cleaved  surface  (sample  LD1)  to 
“2  ln_2"e  step,  whereas  all  the  other  spectra  were  obtained  hy 
exposing  sample  ID3  gradually  to  increasing  amounts  of  oxygen. 

The  relative  oxygen  coverages  can  also  be  obtained  by  measuring 
the  area  under  the  03p  resonance  in  the  valence  band,  me  major  drawback 
to  this  technique  is  that  the  valence  band  and  the  02p  signal  overlap  so 
that  it  is  difficult  to  get  reliable  coverage  information  below  exposures 
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of  about  5  x  10  L02.  Even  above  this  exposure,  the  Cans  valence  band 

18  3tl11  ‘  *»«*»  •*  the  total  emission,  so  care  must  be 

used  in  separating  out  the  oxygen  contribution  from  that  of  the  OaAs 
problems  are  seen  rather  clean.  In  Pig.  4  .here  „  sho.  a  blo»- 
up  o,  the  OaAs  valence  band  for  various  oxygen  exposures,  me  coverage 
as  determined  from  the  shifted  arsenic  level,  gives  a  measure  of  the 
relative  amount  of  oxygen  that  has  chemically  combined  ,1th  the  surface 
arsenic  atoms,  me  coverage  obtained  from  the  OEp  signal  gives  a  measure 
of  the  total  amount  of  oxygen  alleging  to  the  surface.  Thus ,  comparison 
of  the  oxygen  uptahe  determined  In  these  t„  ™ys  ca„  be  used  to  give 
additional  Information  on  the  nineties  o,  the  adsorption  as  well  as  the 
nature  of  the  adsorbate.  Our  Initial  studies  on  sample  M  indicate 

that  the  ,»  methods  give  similar  results.  Ho„ver,  the  1012  h02  expo- 

sure  on  sample  LD1  shows  thm- 

that  the  number  of  shifted  arsenic  atoms  has 

increased  by  a  factor  of  1  7  while 

‘  ’  the  OXygen  coverage  has  not  changed 

appreciably  from  the  coverage  at  109  If,,,  mis  could  be  Interpreted  to 

mean  that  the  oxygen  has  been  adsorbed  dlssocla lively  because  the  higher 

pressure  of  the  exposure  has  changed  the  adsorption  nineties,  mis  Is  a 

very  Interesting  point,  but  me  .ill  no,  pursue  lt  turther  ^ 

■ore  experimental  TOrh  needs  to  be  done  on  the  exposures  between  10” 
and  10  before  definitive  conclusions  My  be  draan.  *  wlu  Unlt 

our  discussion  of  chemisorption  mechanisms  to  the  exposures  belo.  lo10 
“a- 

For  this  .orb,  the  significance  of  the  curve  for  lo12  ls 
that,  even  for  this  very  large  exposure  (this  corresponds  to  ah  exposure 
of  «.  atmosphere  of  0,  for  20  minutes:,,  „„  .a,or  shift  In  the  gallium 
3-d  level  is  observed.  The  only  effect  o„  the  gallium  peah  Is  a  0.4  eV 
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br0ade”l”e-  P“rt  °'  thlS  *=  d-e  to  ,  nonuniformity  in  work 

function  across  the  face  of  the  sample  since  the  unshifted  arsenic  peak 
is  broadened  by  0.1  ev.  For  the  exposure,  below  101"  lo,,  the  On  3-d 

broadens  symmetrically  by  10.13  eV,  and  the  shift  to  higher  binding 
energy  is  less  than  0.03  eV. 

The  oxidation  of  the  OnSb  (110)  surface  is  shown  in  Fig.  8  for 
100  ev.  As  in  the  case  of  GaAs ,  all  the  spectral  features  of  inter- 
est  can  be  obtained  at  the  same  photon  energy  and  in  „„e  spectrum,  thus 
facilitating  comparisons.  Iho  valence  band  extends  approximately  13  eV 
below  the  valence  band  maximum.  „te  0a-3d  lev.I  „  „  . 

Of  18.4  ev,  the  3b-4d  doublet  is  at  33.1  ev  (Id^,  „„d  33.3  eV  (^  > . 

»e  are  able  to  clearly  see  the  spin  orbit  splitting  in  the  Sb-4d  levels, 

whereas  we  were  not  able  to  see  it  at  these  energies  for  the  Ga  and  As 

levels,  primarily  because  the  splitting  the  3b-4d  levels  is  much  larger 
than  that  of  the  3d  levoic 

levels  of  As  or  Ga  .  We  should  also  note  that  the  As 
and  0a  levels  are  «...  while  that  of  3b  is  a  4d .  Wis  point  is  important 
lor  the  choice  of  photon  energy  since  the  variation  of  cross-section  for 
the  4d  levels  versus  photon  energy  is  rather  dramatic,  as  indicated  in 

F1S'  6'  HSre'  ”  Sh°W  Spe<:tr»  <*  oxidized  GaSb  for  several  different 
Photon  energies.  Notice  that  almost  all  the  intensity  is  lost  from  the 

4d  levels  over  a  very  small  photon  energy  range.  The  variation  in  cress 
section  Of  the  3d 's  is  not  as  dramatic,  but  Is  nevertheless  also  large. = « 
Consequently,  we  are  forced  to  use  photon  energies  below  about  120  ev. 

AS  we  oxidize  the  GaSb  surface,  we  start  to  see  changes  in  the 
at  about  5  x  10  IA, .  This  is  about  a  factor  of  two  sooner  than 
With  the  GaAs.  But,  more  importantly,  as  we  increase  the  exposure  to 
5  X  10  L0,,  me  start  to  see  a  definite  broadening  of  the  Gn-3d  level 
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toward  higher  binding  energy.  In  fact,  oven  by  5  x  10®  LO  ,  a  definite 
shifted  Ga-3d  peak  is  seen  =  1.1  eV) .  Of  course,  the  shifted  Sb-4d 

(AEB  =  ^ • 5  level  has  also  been  growing  at  the  expense  of  the  unshifted 

level.  The  shifted  peaks  for  both  Sb  and  Ga  completely  dominate  the  un¬ 
shifted  peaks  for  exposures  above  5  X  109  L02 .  in  Figs.  2  and  5,  we  can 
see  the  obvious  differences  between  the  oxidation  of  GaAs  and  GaSb.  In 
GaAs,  only  the  As  peak  is  shifted  while  the  Ga  peak  is  broadened.  In  Ga£b , 
both  the  Sb  and  Ga  are  definitely  shifted  ,  indicating  that  charge  transfer 
from  both  surface  Sb  and  Ga  atoms  to  the  oxygen  has  taken  place,  mis 
implies  that  bonds  are  broken  between  neighboring  surface  Ga  and  Sb  atoms. 

Another  striking  difference  is  seen  if  the  coverage  (area  under 
shifted  Sb  peak  or  0-2p  level)  is  plotted  with  respect  to  exposure  (Fig. 

7).  The  rate  of  oxygen  adsorption  from  Fig.  7  does  not  show  the  saturation 
behavior  which  is  characteristic  of  the  GaAs  surface  as  seen  in  Fig.  3. 

Spectra  for  the  clean  and  oxygen  exposed  p-type  InP  (110)  sur¬ 
face  are  shown  in  Fig.  8.  in  this  case,  we  used  two  different  photon 
energies  to  optimize  the  surface  sensitivity  and  cross  section  for  the 
levels  of  interest.  The  P-2p  levels  are  measured  at  hv=160  eV  and  the 
In-4d  levels  at  hv  =  80  eV .  The  indium  levels,  being  4d  levels,  have 
the  same  general  behavior  versus  photon  energy  as  the  Sb-4d  levels.  There¬ 
fore,  they  too  have  a  rather  large  variation  in  cross  section,  forcing  us 
to  choose  a  photon  energy  not  too  high  above  threshold.  As  seen  from  Fig. 

8,  the  InP  (110)  surface  behaves  like  GaAs  (110),  with  possible  differ¬ 
ences  in  the  adsorption  kinetics  which  will  not  be  dealt  with  here.  One 
subtle  difference  is  that  we  are  able  to  resolve  the  spin  orbit  splittings 
in  both  the  phosphorous  and  indium  levels  for  the  clean  surface.  However, 
they  smear  out  upon  oxygen  adsorption.  No  shifts  are  observed  in  the 
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In-4d  levels ,  end  a  shifted  P-2p  level  (^  .  4.4  eV)  is  observed  which 

srows  with  oxygen  exposure.  Similar  results  have  beep  seen  m  InAs  by 
Gudat  and  Eastman.  ^ 

All  the  previous  exposures  were  done  with  unexcited  molecular 
oxysen.  tn  the  section  that  follows,  we  will  consider  the  effect  of 
excited  oxygen  on  the  adsorption  process.20  In  rig.  9,  „  show  what 
happens  when  the  GaAs  (110)  surface  Is  exposed  to  excited  oxygen.  In 
these  spectra,  the  exposure  was  carried  out  In  exactly  the  same  way  as 
the  previous  exposures  except  that  the  Ion  gauge  .as  on  during  the  ex¬ 
posure  with  an  emission  current  of  4  ma  (the  exposures  at  10°  and  107  I, 
used  an  emission  current  of  0.4  mn).  Comparing  these  spectra  to  those 
Ih  Fig.  2.  we  see  that  the  sticking  probability  has  become  much  larger. 

It  only  take,  an  exposure  of  105  L  excited  oxygen  to  give  the  same  effect 
as  an  exposure  o,  5  X  107  ID,.  n,,s  1.  ,ncre.,e  In  oxygen  adsorption 
by  a  factor  of  5001  The  fact  that  oxygen,  which  has  been  excited  in  some 
way,  »U1  stick  more  readily  to  semiconductor  surfaces  has  been  docu¬ 
mented  in  the  literature.15-33  What  has  not  been  seen  before  Is  the 
change  In  chemical  state  due  to  bonding  of  such  excited  oxygen.20  As 
™  expose  the  surface  to  even  more  excited  oxygen,  a  rather  striking 
thing  happens.  At  an  exposure  of  5  X  10°  L  excited  oxygen,  the  first 

Shifted  peak  C^.2,9  eV)  stops  growing,  „„d  a  second  shifted  peak 

with  a  binding  energy  shift  of  4.5  eV  starts  to  grow  and  soon  dominates 
the  first  shifted  peak.  But,  what  Is  even  more  striking  Is  that  the 
gallium  peak  starts  to  broaden  also  at  5  X  105  L  excited  oxygen.  At 
higher  exposures,  we  can  see  that  the  Initial  broadening  at  5  x  105  I, 

excited  oxygen  is  due  to  a  shifted  gallium  peak  (JE,  .  l.,l  ef)  which 

grows  concurrently  with  the  second  shifted  arsenic  peak.13  This 
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simultaneous  growth  is  very  much  like  what  was  seen  for  the  oxidation  of 

GaSb  in  Fig.  5.  We  also  see  in  these  spectra  the  0-2s  at  2-4  eV  and  the 

0-2p  at  5  eV  below  the  valence  band  maximum. 

In  Fig.  10,  we  give  examples  of  the  effects  of  very  large  doses 

of  excited  oxygen  on  the  GaAs  (110)  surface.  The  top  two  curves  are 

12 

spectra  for  clean  GaAs  (110)  and  for  the  clean  surface  plus  10  LD^ . 

The  spectrum  labeled  "heavily  oxidized"  was  obtained  by  exposing  the 

12  ,5 

surface,  which  had  previously  been  exposed  to  10  LO^ ,  to  5  V  10  L 
excited  oxygen  with  the  ion  gauge  running  at  0.4  ma  emission  current. 
Notice  that  the  binding  energies  of  the  peaks  in  this  spectrum  are  the 
same  as  those  of  Fig.  9.  There  are  two  oxidation  states’ of  As,  and 
there  is  a  shifted  gallium  peak.  The  fourth  spectrum  of  Fig.  10  labeled 
"very  heavily  oxidized"  was  obtained  by  exposing  clean  GaAs  (110)  to 
5  x  105  L  excited  oxygen  with  the  emission  current  of  the  ionization 
gauge  set  at  4.0  ma  (giving  a  significantly  larger  amount  of  excited 
oxygen  than  in  the  previous  case).  In  th.’.s  case,  we  see  no  unshifted 
gallium  peak;  only  the  shifted  one.  There  is  no  unshifted  arsenic  peak, 
but  there  are  two  other  peaks  shifted  0.4  and  3.2  eV  with  respect  to  the 
unshifted  peak  iif  it  were  present).  Note  the  drastic  decrease  in  emis¬ 
sion  from  the  arsenic  derived  levels  and  that  the  emission  from  the  0-2p 
and  0-2s  levels  has  gone  down  with  respect  to  that  in  the  second  and 
third  spectra  . 

The  significance  of  these  observations  will  be  discussed  in 
the  next  section,  where  we  will  present  a  model  for  the  oxidation  of  the 
GaAs  (110)  surface  from  the  chemisorption  stage  to  the  formation  of  bulk 
oxides.  In  Tables  I  and  II,  we  summarize  the  binding  energies  and  chem¬ 
ical  shifts  (for  GaAs)  discussed  above. 
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III.  DISCUSSION 


A.  Interpretation  of  Chemical  Shifts 


In  this  section,  we  will  concentrate  on  trying  to  determine 
which  oxidation  states  of  the  As  and  Ga  give  rise  to  the  chemically 
shifted  peaks  that  are  observed  in  the  photoemission  spectra.  Consider¬ 
able  information  can  be  obtained  from  the  chemical  shift  measurements  by 

assuming  that  ligands  of  any  given  type  each  shift  the  core  levels  of 

23 

the  central  atom  by  the  same  amount.  Thus,  the  total  shift.  AE 

’  tot’ 

is  simply  given  as  the  sum  of  the  individual  ligand  shifts.  AE 

ligand’ 


i  .e . , 


AE 


tot 


=  S 

all 

ligands 


AE 


ligand 


(1) 


The  magnitude  of  the  ligand  shift  may  be  determined  by  measuring  the 
binding  energies  of  several  compounds  containing  different  numbers  of 
these  ligands.  In  our  case,  this  is  very  useful  for  the  case  of  nonsto- 
ichiometric  oxides.  For  stoichiometric  oxides,  the  obvious  thing  to  do 
is  to  use  the  bulk  oxides  as  standards.  Here,  we  will  do  both  in  order 
to  determine  the  chemical  species  present  on  the  surface  after  initial 
chemisorption  and  further  oxidation. 

In  Table  III,  we  present  binding  energy  shifts  for  the  Ga  and 
As  3d  levels  in  the  compounds  that  will  be  used  as  standards.  These  val¬ 
ues  are  taken  from  the  literature  and,  rather  than  give  absolute  binding 
energies,  we  choose  instead  to  give  the  binding  energy  differences  be¬ 
tween  the  levels  in  the  various  compounds.  This,  in  effect,  avoids  many 
of  the  problems  in  choosing  an  appropriate  reference  level  when  comparing 
the  results  from  several  sources.  Through  the  work  of  Bahl  et  al,35  we 


were  able  to  determine  the  3d  level  binding  energy  shifts  for  As  0  and 

2  3 

^so^3  respect  to  As.  We  then  calculated  the  difference  between  the 

Ga  and  As  3d  levels  of  As^^,  Ga^^  ,  GaAs,  and  Ga  by  referring  to  the 

36 

work  of  Leonhardt  et  al.  The  Ga^/Ga  shift  was  found  to  agree  with 

M  3  *7 

Schon's  measurements  to  within  0.1  eV.  The  binding  energies  of  Ga.,0„ 
and  GaAs  were  also  measured  for  us  by  an  indeoendent  laboratory  (using  a 

o  q 

Hewlett-Packard  5950A  ESCA  spectrometer). 


The  ligand  shifts  for  the  standard  compounds  may  be  calculated 
from  the  chemical  shifts  given  in  Table  III.  This  is  done  in  Table  IV. 
In  the  first  column  of  Table  IV,  we  list  the  compounds.  In  the  second 
column,  we  list  the  shifts  of  the  As  or  Ga  3d  levels  in  these  compounds 
with  respect  to  their  binding  energy  for  the  free  element.  A  positive 
chemical  shift  is  defined  as  a  shift  to  higher  binding  energy.  Columns 
four  and  five  give  the  numoer  and  type  of  ligand  for  the  compounds  in 
the  first  column.  In  GaAs,  each  gallium  (or  arsenic)  has  four  arsenic 


(or  gallium)  ligands.  As^O.^  has  three  single  oxygen  single  bonds  per 


arsenic  atom.  Ga„0 
2  3 


is  coordinated  bv  six  oxvgens .  As  0 

2  5 


has  three  oxygen  single  bonds  and  one  oxygen  double  bond  per  arsenic. 

3  9 

GaAs04  has  a  quartz-like  structure  with  the  silicon  atoms  replaced  by 
alternating  Ga  and  As.  This  results  in  each  gallium  and  arsenic  having 
four  oxygen  ligands. 


The  ligand  shifts,  ^ ,  are  the  shifts  due  to  the  particular 
ligand  j  and  are  obtained  most  simply  by  dividing  the  total  shift  (col¬ 
umn  two)  by  the  number  of  ligands  (column  four).  When  there  are  two  types 
of  ligands  in  the  compound  in  question,  such  as  Ao0_  which. has  three  -0 
and  one  =0,  we  use  another  compound,  As,,03  in  this  case,  to  determine 
one  set  of  the  shifts  and  then  we  solve  for  the  second.  In  the  last  two 


rows  of  Table  IV,  we  have  calculated,  using  the  experimentally  determined 

shifts  with  Eq .  (1),  the  shifts  that  we  would  expect  from  GaAsO  .  We 

4 

should  note,  in  comparing  the  ligand  shifts  of  Table  IV  with  those  given 
in  Table  V  of  Ref.  35,  that  the  shifts  quoted  here  are  only  3-d  shifts, 
whereas  those  used  by  Bahl  et  al35  are  the  average  of  the  shifts  of  all 

the  core  levels.  There  will  be  a  slight  discrepancy  if  this  point  is 
not  realized. 

As  mentioned  in  the  previous  discussion,  when  the  GaAs  (110) 
surface  is  exposed  to  unexcited  oxygen,  only  one  shifted  arsenic  peak, 

Asl,  is  seen  for  all  coverages.  This  implies  that  only  a  single  site  is 
involved  in  the  chemisorption  of  unexcited  oxygen.  Thus,  we  must  con¬ 
clude  that  the  As  I  peak,  with  a  shift  of  2.9  eV  with  respect  to  GaAs  (2.3 
eV  with  respect  to  elemental  As),  is  due  to  one  oxygen  atom  or  molecule 
bonded  to  a  surface  arsenic  atom.  The  shift  of  the  Asl  peak  is  much 
larger  than  either  the  shift  due  to  a  single  As-0  bond  (^Eq  =  0.87  eV 

with  respect  to  GaAs)  or  of  an  oxygen-arsenic  double  bond  (2£  =  1.7  eV 

B 

With  respect  to  GaAs).  in  fact,  the  experimentally  determined  shift  of 
2.9  eV  is  closer  to  the  shift  expected  from  three  oxygens  singly  bonded 
to  each  surface  arsenic  atom,  necessitating  the  breaking  of  back  bonds. 
However,  this  latter  situation  implies  that  three ,  not  one,  chemically 
shifted  As  3-d  peaks  (^  with  respect  to  GaAs  *  -0.87,  -2.04,  and 
-3.0b  eV)  should  be  observed  corresponding  to  the  three  possible  oxida¬ 
tion  states  which  the  surface  arsenic  atoms  would  then  have.  We  would 
expect  to  see  the  -0.87  and  -2.04  eV  peaks  for  low  and  intermediate  cov¬ 
erages  and  the  -3.06  eV  peak  almost  exclusively  for  the  high  coverages. 

This  is  clearly  not  what  we  observe  experimentally  and,  because  of  the 
high  surface  sensitivity  of  our  measurement,  we  would  be  able  to  see 


such  intermediate  states.  Therefore,  we  must  conclude  that  the  ..si  peak 
is  due  to  a  single  arsenic  oxygen  bond  that  gives  a  binding  energy  shift 
three  times  larger  than  what  is  expected  from  an  As-0  bond  in  an  arsenic 
oxide.  In  the  case  of  As00^,  the  oxygens  are  more  electronegative  than 
the  arsenic,  so  there  is  an  equal  transfer  of  charge  away  from  the  arse¬ 
nic  along  each  ligand.  In  the  case  of  oxygen  chemisorbed  to  the  GaAs 
surface,  the  gallium  back  bonds  transfer  charge  to  the  arsenic  so  the 
oxygen  is  the  only  ligand  in  which  there  is  charge  transfer  away  from 
the  arsenic.  That  is,  the  single  oxygen  ligand  does  not  have  any  compe¬ 
tition  for  the  charge  on  the  arsenic.  Consequently,  the  oxygen  ligand 
in  this  case  could  give  a  much  larger  shift  than  would  bo  predicted  by 
a  simple  ligand  shift  analysis  where  the  different  electronegativities 
of  the  various  ligands  have  not  been  taken  into  account.  These  same 
arguments,  now  used  to  estimate  the  shift  of  the  Ga-3d  due  to  a  chemi¬ 
sorbed  oxygen ,  would  imply  that  the  shift  should  be  less  than  0.33  eV 
(the  ligand  shift  due  to  a  single  oxygen  ligand  in  Ga0C>3).  Consequently, 
we  would  not  expect  to  see  a  distinct  chemically  shifted  peak  for  the 
case  of  oxygen  chemisorption  on  the  surface  gallium  atoms.  We  would, 

however,  expect  to  see  an  asymmetric  broadening  of  the  Ga-3d  level.  For 
10 

exposures  below  10  LD,, ,  as  mentioned  in  Section  III. A,  there  is  no  as¬ 
ymmetric  broadening  of  the  Ga-3d  level  to  better  than  0.03  eV.  We  can 
also  exclude  the  possibility  of  bonding  oxygen  to  the  surface  gallium 
atoms  by  breaking  back  bonds  because,  in  this  situation,  we  should  def¬ 
initely  see  an  asymmetric  broadening  of  the  Ga  3-d  level  along  with  in¬ 
termediate  oxidation  states  of  the  arsenic  atoms,  neither  of  which  is 
observed  experimentally. 
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The  As  1 1  peak  in  the  "heavily  oxidized"  curve  of  Fig.  10  is 
shifted  4 . 6  eV  with  respect  to  the  arsenic  in  GaAs  (or  4.0  eV  with  re¬ 
spect  to  elemental  As).  This  value  is  bracketed  by  the  experimentally 
determined  value  of  4.9  eV  (4.3  eV  with  respect  to  elemental  As)  for 
As90.  and  the  calculated  value  of  4.1  eV  (3.5  eV  with  respect  to  ele¬ 
mental  As)  for  GaAsO^ .  The  average  of  these  two  shifts  gives  4.5  eV 
(3.9  eV  with  respect  to  elemental  As),  very  close  to  the  value  meas'J-ed 
in  this  work.  This  seemingly  fortuitous  result  may  be  interpreted  as 
follows.  There  are  three  single  bonds  and  one  double  bond  in  As 90 . , 
whereas  GaAsO ,  contains  four  single  bonds.  The  fact  that  the  shift  we 
measure  lies  between  these  two  shifts  is  significant  because,  first,  it 
indicates  there  are  four  oxygens  bound  to  the  As  and,  secondly,  these 
bonds  must  have  some  double  bond  character.  In  the  rest  of  the  discus¬ 
sion,  we  will  simply  refer  to  this  compound  as  As90,..  There  are,  how¬ 
ever,  no  peaks  in  the  spectra  corresponding  to  GaAsO  .  As  mentioned 
above,  with  reference  to  Fig.  9,  the  gallium  peak  starts  to  shift  as 
soon  as  the  AsII  peak  appears.  The  magnitude  of  the  gallium  shift  is 
1  eV  which  corresponds  to  Ga903  (compare  Tables  II  and  III).  The  fact 
that  we  start  forming  oxides  of  Ga  and  As  at  the  same  time  clearly  in¬ 
dicates  that  back  bonds  are  being  broken  and  true  oxidation  of  the  sur¬ 
face  is  occurring.  We  should  rote  again  that  we  do  not  observe  any 
intermediate  oxidation  states  for  the  gallium. 

In  the  "very  heavily  oxidized"  spectrum  of  Fig.  10,  the  gal¬ 
lium  peak,  Gal,  is  still  shifted  by  1  eV,  indicating  the  presence  of 
bulk  Ga90^ •  But,  now,  the  peak  labeled  AsIII  is  shifted  0,4  eV  with 
respect  to  the  unshifted  arsenic  peak,  Ga(As).  The  shift  we  expect 
between  free  arsenic  ar.d  arsenic  in  GaAs  is  0.6  eV.  Thus,  this  peak 


could  be  duo  t;o  f roc  A*  or,  equally  likely,  arsenic  bound  to  only  one 
gallium  atom  (see  (he  -Gfl  ligand  shifts  In  Table  t  V  for  Un  (As)).  The 
latter  case  would  (jive  a  shift  of  about  0.4  eV .  Tit  ere  fore  ,  It  Is  plaus¬ 
ible  that  this  peak  is  due  to  either  free  arsenic  or  arsenic  bound  to, 
at:  mo  it ,  one  gallium  atom.  The  second  arsenic  peak  1st  this  spectrum, 
labeled  As  IV,  is  shifted  12. <1  eV  with  respect  to  the  As  in  GaAs .  This  ts 
exactly  the  same  as  the  shift  observed  for  bulk  As„0  (Table  til). 

*  I 

As  mentioned  above,  tnP  behaves  exactly  like  GaAs  In  the  chem¬ 
isorption  stage.  As  In  the  on so  for  the  As l  peak,  the  chemical  shift  In 
Che  V'—  lip  (  \K  «  4.4  eV)  Is  much  I  a  rue  r  tltatt  one  would  expect  by  simply 
adding  an  -0  or  » 0  group.  The  shifts  lit  these  two  cases  are  0,124  and 
l  . fld  eV,  respectively."  litis  larger  shift:  is  again  probably  due  to  In¬ 
creased  charge  transfer  from  the  phosphorous  to  the  oxygen  because  of  the 
low  electronegativity  of  the  surrounding  indium  atoms.  Thus,  the  same 
arguments  used  above  for  GaAs  may  be  used  bore. 

The  case  of  GuSb  (tit))  Is  much  simpler  than  that  of  Ini'  or 
GaAs.  Doth  the  Gn  and  Sb  peaks  shift  simultaneously.  Tit  ere  fore,  bonds 
are  tiding  broken  lit  order  to  allow  clutrge  transfer  from  both  the  gul.ll.um 
and  antimony  atoms,  resulting  in  the  simultaneous  formation  of  both  gal¬ 
lium  and  antimony  oxides.  This  difference  tu  the  mechanisms  of  oxygen 
adsorption  ts  also  reflected  as  a  difference  lit  the  adsorption  kinetics 
between  Go As  and  IktSb.  This  is  most  clearly  seen  by  comparing  the  oxygen 
uptake  curves  of  Pigs.  21  and  7.  We  can  immediately  make  two  observations. 
First,  the  shapes  of  those  two  curves  for  oxygen  coverage  versus  exposure 
are  rather  different,  and,  secondly,  the  GaSb  adsorbs  oxygon  more  remit  ly 
than  the  GaAs.  The  second  observation  can  be  understood  by  considering 
the  tonicities  of  Ga ,  As,  and  Sb.  There  is  a  larger  electronegativity 
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difference  between  Ga  and  As  than  between  Ga  and  Sb.  This  would  imply 
that  the  GaAs  bond  is  stronger  than  that  of  GaSb,  giving  a  surface  that 
is  more  resistant  to  chemisorption  of  oxygen.  In  view  of  this  argument, 
we  would  expect  that  InP  would  behave  like  GaAs  since  the  electronegativ¬ 
ity  difference  between  In  and  P  is  also  large.  This  is  indeed  the  case, 
as  was  shown  above  in  Fig.  3.  The  dependence  of  oxygen  uptake  with  elec¬ 
tronegativity  ifference  that  we  see  here  agrees  with  the  work  of  Mark 
41 

and  Creighton  in  which  they  observe  a  decrease  in  oxygen  uptake  with 
increasing  bonding  ionlclty. 

The  difference  in  shape  between  the  two  curves  in  Figs.  3  and 
7  seems  to  be  very  closely  tied  to  the  fact  that  oxygen  chemisorbs  to  the 
GaAs  surface,  leaving  it  intact  while,  for  GaSb,  the  oxygen  actually 
breaks  back  bonds  and  forms  oxides.  Thus,  for  GaAs,  we  expect  saturation 
at  half  monolayer  coverage  with  the  rate  of  oxygen  uptake  being  a  func¬ 
tion  of  the  coverage.  For  GaSb,  on  the  other  hand,  the  coverage  does  not 
stop  at  half  monolayer,  as  seen  by  the  vertical  scale  of  Fig.  7  (this 
scale  was  determined  by  comparing  the  oxygen  coverages  on  the  GaAs  and 
GaSb  spectra  from  the  02p  intensity  and  assuming  half  monolayer  coverage 
at  saturation  for  GaAs).  In  fact,  the  oxygen  uptake  for  GaSb  should  be 
controlled  mainly  by  diffusion  of  oxygen  through  the  oxide  layer  to  the 
unoxidized  substrate. 

At  zero  coverage,  the  approximate  sticking  coefficient  is  2  x 

-4  -10 

10  for  the  GaSb  surface  and  8  x  10  for  the  GaAs  surface.  The  mea¬ 
sured  sticking  coefficient  for  GaAs  is  about  five  orders  of  magnitude 

smaller  than  what  is  reported  in  the  literature  for  the  cleaved  GaAs  (110) 
15 

surface.  The  larger  sticking  probability  reported  in  the  literature 

15 

could  possibly  be  due  to  the  fact  that  the  precautions  exercised  to 


20 

avoid  effects  of  excited  oxygen  were  not  sufficient  or  that  the  surfaces 

12  24 

used  were  not  perfect  enough.  9  Furthermore,  in  the  other  studies, 

6 

saturation  is  seen  at  10  L0o ,  whereas  at  this  exposure  we  see  less  than 
10^  of  saturation  coverage  (see  Fig.  3). 

B.  Model  for  Oxidation  of  GaAs  (110) 

The  sequence  of  events  leading  to  the  formation  of  a  thick 
oxide  layer  on  GaAs  may  be  summarized  as  follows:  (1)  the  (excited  or 
unexcited)  oxygen  is  first  chemisorbed  on  the  surface  As  atoms  with  no 
breaking  of  back  bonds;  (2)  addition  of  excited  oxygen  leads  to  the 
breaking  of  bonds  between  the  first  and  second  layers  in  the  crystal 


148 


and  the  formation  of  less  than  two  layers  of  As,,0  /AsO  and  Gn.O  •  (3) 
further  exposure  to  oxygen  (excited)  causes  the  oxidation  to  proceed 
further  into  the  bulk,  allowing  the  newly  formed  arsenic  oxides  to  sub¬ 
lime  and  leave  an  oxide  layer  mainly  composed  of  Gao0  with  small  amounts 

*-  o 

of  bulk  As^O^  and  free  As. 

The  chemisorption  step,  which  is  identical  for  both  excited 
and  unexcited  oxygen,  seems  to  be  a  necessary  precursor  to  the  breaking 
of  back  bonds.  In  order  to  break  the  Ga-As  back  bonds,  we  not  only  need 
excited  oxygen,  but  also  the  presence  of  an  oxygen  chemisorbed  to  the 
arsenic  dangling  bond.  Therefore,  the  energy  carried  to  the  surface  by 
the  excited  oxygen  must  be  coupled  to  the  strain  energy  due  to  the  pre¬ 
viously  chemisorbed  oxygen.  In  fact,  if  a  saturation  coverage  of  oxygen 
is  preadsorbed  on  the  surface  and  then  that  surface  is  exposed  to  excited 
oxygen,  two  layers  of  GaAs  can  be  oxidized  by  an  exposure  20  times  less 
than  was  necessary  to  gradually  oxidize  only  the  top  layer  (compare  the 
top  curve  of  Fig.  9  with  the  "heavily  oxidized  curve"  of  Fig.  10). 

The  initial  oxidation  results  in  the  formation  of  the  most  ox¬ 
ygen  rich  oxide  of  arsenic,  satisfying  all  four  of  the  possible  arsenic 
bonds ,  This  oxide ,  rather  than  Aso0^ ,  is  formed  because  the  part  of  the 
substrate  being  oxidized  is  in  direct  contact  with  the  gaseous  oxygen 
present  in  the  chamber  during  exposure  and  enough  oxygen  is  present  to 
fully  oxidize  both  the  surface  arsenic  and  gallium  atoms.  If  the  surface 
is  oxidized  even  further,  the  substrate  peaks  are  no  longer  visible, 
indicating  that  more  than  three  or  four  molecular  layers  of  oxide  have 
been  formed .  This  step  in  the  oxidation  is  then  the  start  of  true  oxide 
formation  in  which  there  is  no  longer  a  direct  bonding  between  the  GaAs 
lattice  and  most  of  the  oxide  and  interface  layer.  In  such  a  situation, 
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as  soon  as  a  gallium  or  arsenic  atom  has  broken  its  bonds  to  the  under¬ 
lying  lattice  due  to  oxidation  of  a  neighboring  site,  it  is  no  longer 
constrained  to  follow  the  chemistry  of  the  GaAs  surface.  Instead,  the 
gallium  and  arsenic  atoms  are  now  free  to  follow  their  elemental  chem¬ 
istries.  In  the  case  of  gallium  and  arsenic,  the  formation  of  Gao0  is 
favored  over  arsenic  oxide  formation,  as  seen  by  comparing  their  respec¬ 
tive  heats  of  formation.  '  Consequently,  elemental  gallium  is  oxidized 
more  readily  than  elemental  arsenic.  Since  there  is  now  a  layer  of  oxide 
through  which  the  oxygen  must  diffuse  in  order  to  reach  the  substrate 
crystal,  the  amount  of  oxygen  available  for  oxidation  is  limited  and, 
consequently,  the  gallium  will  be  oxidized  first  and  then  the  arsenic. 
This  is  indeed  the  case,  as  seen  by  the  fact  that  the  thick  oxide  con¬ 
tains  elemental  arsenic  as  well  as  bulk  As.,03 .  No  elemental  Ga  is  seen 
in  the  spectrum  for  the  "very  heavily  oxidized"  surface,  indicating  that 
the  Ga  may  even  be  able  to  reduce  As^  to  elemental  As.  This  could  ex¬ 
plain  the  presence  of  elemental  As  and  no  elemental  Ga  in  the  thick  oxide. 
No  As203  is  present  because  oxygen  is  now  scarce  and  the  formation  of  the 
lower  oxide  of  arsenic  is  more  favorable.  If  the  substrate  were  heated, 
resulting  in  a  greater  oxygen  mobility  through  the  oxide  and,  thus,  a 
greater  oxygen  concentration  at  the  interface,  the  situation  would  be 
much  like  that  for  the  "heavily  oxidized"  spectrum,  so  As„0_  should  then 
be  present  in  the  oxide  layer. 

Finally,  there  is  very  little  arsenic  (elemental  or  oxide) 

present  in  the  thick  oxide,  indicating  that  the  volatile  As,  0  does  sub- 

2  3 

lime  from  the  surface  leaving  an  oxide  rich  in  Ga.,0  with  small  amounts 

**  J 

of  Aso03  and  elemental  arsenic. 
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Caution  should  be  exercised  in  trying  to  generalize  these 
lesults  to  the  polar  faces  or  even  (1101  faces  prepared  by  different 
techniques.  For  example,  the  work  of  Ranke  and  Jacobi11'  on  the  polar 
faces  prepared  either  by  ion  bombardment  and  annealing  or  molecular  beam 
epitaxy  suggests  that  oxygen  sticks  to  the  surface  gallium  atoms.  How¬ 
ever,  the  sticking  coefficients  reported  in  those  studies  were  signifi¬ 
cantly  higher  than  thoso  for  the  cleaved  (110)  surface.  Those  larger 
sticking  coefficients  were  attributed  to  the  presonce  of  Ga  atoms  on 
the  polar  surface  with  unsaturated  bonds.12  From  our  results  on  the 
oxidation  of  GaAs  (110)  with  excited  oxygen,  wo  saw  that,  as  soon  as  a 
Ga-As  bond  is  broken,  i.e.,  as  soon  as  an  unsaturated  Ga  bond  is  created, 
the  Ga  atom  immediately  becomes  oxidized.  Thus,  if  tho  polar  surfaces 
studied  by  Ranke  and  Jacobi  do  indeed  have  unsaturated  Ga  bonds,  it  is 
not  at  all  surprising  that  oxygon  bonds  preferentially  to  the  Ga  atoms. 

In  fact,  it  would  be  entirely  consistent  with  the  results  of  our  work. 
Therefore ,  it  seems  clear  that  the  chemisorption  properties  of  the  vari¬ 
ous  faces  are  very  dependent  on  the  integrity  of  the  surface  which  is  a 
function  of  both  tho  fundamental  properties  of  the  particular  face  as 
well  as  the  surface  preparation  technique.  The  resistance  to  oxidation 
exhibited  by  the  cleaved  GaAs  (110)  surfaces  compared  to  the  other  sur¬ 
faces  or  (110)  surfaces  prepared  by  techniques  other  than  cleavage  im¬ 
plies  that  tho  cleaved  surfaces  are  more  intact,  i.e.,  all  the  surface 
atoms  have  saturated  bonds ,  since  the  resistance  to  oxidation  is  charac¬ 
teristic  of  a  low  density  of  unsaturated  bonds. 
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c. 


Determination  of  the  Escape  Depth 


The  relative  escape  depth  for  electrons  with  kinetic  energies 

between  20  and  200  eV  may  be  determined  from  our  experimental  results 

quite  simply  and  elegantly  by  merely  plotting  the  ratio  of  the  areas 

under  the  shifted  and  unshifted  arsenic  peaks,  As/As  I,  as  a  function  of 

photon  energy.  This  curve  is  given  in  Fig.  11.  The  horizontal  scale 

gives  the  kinetic  energies  of  the  electrons  in  the  crystal.  The  photon 

energies  that  were  used  for  each  point  are  obtained  by  adding  40  eV  (the 

approximate  As-3d  binding  energy)  to  the  given  kinetic  energies.  The 

right-most  vertical  scale  gives  the  actual  ratio  of  the  areas  of  the 

unshifted  to  shifted  As-3d  peaks  as  measured  from  the  spectra  of  GaAs 
12 

(110)  +  10  L0(,  for  various  photon  energies.  The  minimum  in  the  escape 

depth  curve  occurs  around  60  eV  kinetic  energy  (hv*100  eV).  The  error 
bars  associated  with  the  points  are  due  to  the  uncertainties  in  measur¬ 
ing  the  areas  under  the  peaks  . 

One  assumption  that  allows  us  to  calculate  the  absolute  escape 

depth,  L(E) ,  is  that  there  is  one  oxygen  molecule  (or  atom,  for  this 

discussion  the  nature  of  the  adsorbed  species  is  irrelevant)  per  surface 

arsenic  atom  by  an  exposure  of  1012  D0o .  It  seems  adequately  clear  that 

12 

saturation  is  reached  at  10  LDa,  but  we  have  yet  done  no  measurements 
to  determine  the  actual  oxygen  coverage  at  this  exposure.  However,  from 
the  oxidation  data  of  Fig.  2,  it  does  seem  to  be  a  reasonable  assumption. 
The  major  source  of  error  is  introduced  into  the  calculation  when  we  try 
to  fix  the  absolute  value  of  the  escape  depth.  This  entails  estimating 
the  thickness,  x  ,  of  the  topmost  GaAs  plus  chemisorbed  oxygen  layer. 
This  one  thickness  will  then  allow  us  to  give  an  absolute  value  to  the 
escape  depth. 
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Consider  a  system  composed  of  two  uniform  layers,  surface  and 
bulk.  Here,  we  neglect  the  fact  that  the  surface  layer  is  only  one  mo¬ 
lecular  layer  and  thus  not  uniform.  But,  in  the  spirit  of  the  calcula¬ 
tion,  this  assumption  will  not  introduce  an  unreasonable  amount  of  error. 
Assuming  exponential  attenuation  of  the  emitted  electrons  and  that  the 
number  of  emitted  electrons  is  proportional  to  the  area  under  the  appro¬ 
priate  peak  in  the  photoemission  spectrum,  we  may  write 

L(E)  =  - i - - - 

fn  (As/As  I)'1  +  1 

Using  tabulated  values  for  the  radii  of  arsenic  and  oxygen,  we  let  x  = 

.  42  1 

**  _  1,0  Inserting  this  into  the  above  equation  gives  the  L(E) 

scale  on  the  left-hand  side  of  Fig.  11.  The  second  scale  on  the  right 
of  Fig.  12  giving  the  molecular  layers  is  obtained  by  dividing  the  nomi¬ 
nal  escape  depth  by  the  distance  between  the  (110)  planes  which  is  ap¬ 
proximately  4  A.  At  the  minimum,  the  escape  depth  is  5.8  ±  1.5  A  or  ap¬ 
proximately  1,5  molecular  layers,  substantiating  our  claims  of  a  very 
large  surface  sensitivity.  With  this  value  for  the  escape  depth,  simple 
calculations  show  that  a  spectral  feature  from  the  bulk  can  no  longer  be 
seen  if  it  is  more  than  five  molecular  layers  from  the  surface  (this  as¬ 
sumes  a  detectability  limit  of  about  2i  for  well-separated  peaks;  if  the 
peaks  are  close  together,  we  must  assume  a  higher  detectability  limit), 

D.  Surface  Chemical  Shift  ^ 

During  the  course  of  this  work,  we  have  studied  the  Ga-3d  lev¬ 
els  from  the  clean  GaAs  (110)  surface  over  a  wide  range  of  photon  energies 
(35  eV  <  hv  <  240  eV) .  This  photon  energy  range  enables  us  to  probe 
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between  approximately  1.5  and  3  molecular  layers  giving,  first,  primar¬ 
ily  surface  and,  second,  more  bulk  contributions  to  the  spectra.  If  an 
appreciable  chemical  shift  in  the  core  levels  between  the  atoms  on  the 
surface  and  in  the  bulk  were  present,  it  would  definitely  show  up  as  a 
change  in  the  full  width  at  half  maximum  of  the  Ga-3d  levels  when  a  pho¬ 
ton  energy  corresponding  to  a  different  escape  depth  was  used.  The  fact 
is  that  we  see  no  such  effect  to  better  than  ±0.1  eV.  In  view  of  the 
surface  state  model  of  Fig.  2,  these  results  indicate  that  there  must  be 
enough  redistribution  of  charge  along  the  back  bonds,  possibly  involving 
several  molecular  layers,  to  keep  the  total  charge  densities  around  the 
surface  atoms  the  same  as  in  the  bulk.  This  charge  redistribution  may, 
in  fact,  be  one  of  the  reasons  for  the  smearing  of  the  spin  orbit  split¬ 
ting  of  the  Ga  and  As  3-d  levels. 

The  lack  of  chemical  shift  between  the  surface  and  bulk  atoms 
also  implies  that  the  ligand  shifts  due  to  each  back  bond,  i.e.,  the  bonds 
connecting  the  surface  layer  to  the  rest  of  the  crystal,  will  be  4/3 
larger  than  the  shifts  due  to  the  bonds  in  the  bulk.  The  reason  for  this 
is,  of  course,  that  the  same  shift  is  due  to  three  bonds  for  the  atoms 
at  the  surface  compared  to  four  in  the  bulk.  This  again  fits  in  well 
with  the  surface  state  model  of  Fig.  1  since  the  arsenic  atoms  at  the 
surface  must  have  more  charge  and  the  gallium  atoms  less  than  the  corre¬ 
sponding  atoms  in  the  bulk. 
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Table  I 


EXPERIMENTAL  BINDING  ENERGIES  REFERENCED 
TO  THE  VALENCE  BAND  MAXIMUM.  The  experi¬ 
mental  accuracy  is  estimated  to  be  ±0.05 
eV  with  the  largest  uncertainty  being  in 
the  determination  of  the  valence  Band 
maximum.  See  text  for  discussion  on  dif¬ 
ficulties  in  determining  the  binding  en¬ 
ergies  with  respect  to  the  Fermi  level. 
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Ga  3d 
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As  3d 

40.8 

GaSb 
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32.1 
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Sb  4d  3/2 

33  .2 

InP 

In  4d 

17.7 

— '  '  '■  Jk 

P  2p 
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159 


Table  III 


1 


3 

u 

£ 


9 

X 

Ed 

X 


a 

p 


3! 

O 


> 

4) 


e 


CO 


J 

< 


tn 


s 

< 


3 


x 

o 


E/3 


I 

8 


CO 

a 

o 


as 

5 


9 

.W 


£  3 


I 


I  10 

&  g 


£ 3 

cd 

H 


4 

£ 


0) 

fi 

a 

U) 


cn 

•H 


<d 

■o 


0) 

£ 


r-v 

«T3 

CD 

oo 

* 

Ov 

O 

co 

o 

co 

CM 

on 

0>J 

oo 

CM 

CM 

CM 

CM 

i-H 

*3* 

a 

t A 

o 

< 

o 

cO 

o> 

r^s 

on 

#* 

• 

• 

• 

CTl 

ro 

CO 

cO 

r— H 

CM 

CD 

on 

*» 

CM 

CM 

CM 

CM 

o’ 

O') 


CO 
on  on 

o 

CM 

<tj  on 
D 

CO 

oo 


OJ 


CO 


un 

CM 


*cf 

CM 


O  r-H 

CM  CM 


CD 

on 

on 

CD 

m 

* 

• 

• 

< 

un 

CM 

O 

on 

l 

o 

■  C 

</> 

o 

P 

< 

o> 

<NJ 

Cd 

cn 

m 

• 

• 

as 

< 

S 

ftJ 

CO 

"sj* 

on 

W 

•H 

CD 

on 

cm 

§ 

•B 

* 

CD 

►H 

4) 

on 

Q 

■M 

<d 

C 

> 

a 

4) 

O 

Vl 

on 

CD 

fi 

4) 

o 

on 

O-H 

M 

■ 

h 

CM 

* 

« 

X 

P 

a 

</> 

UO 

PH 

Ed 

Pw 

< 

on 

*3 


LO 

o 

CM 

iS> 

< 


oo 

o 

CM 

i/l 

< 


</> 

< 


>T> 

CT 


< 


on 

O 

CM 

<T3 

CD 


l/J 

< 


*3 

e? 


160 


0) 

JS 


c 

*> 

0) 


0) 

D 


cn 

<p 


£ 

tn 


0) 

x; 

■M 


C 

•H 

C 


O 

T3 


D 

<d 


0 


O 

03 


cn 

n 

3 

o 


o 

-c 


b 

0 


g 

vl) 


vl) 

0) 

CO 


wwnrj— ■ 


semiconductor  compounds  and  the  other  compounds  In  this  table. 


Table  IV 


EXPERIMENTAL  LIGAND  SHIFTS  OF  THE  G«  AND  AS  3d  LEVELS  TOR 
mip  (YiMPOUNDS  WHOSE  SHIFTS  WERE  GIVEN  IN  TABLE  III 


Compound 

a  ' 

2sE  (eV ) 
e 

(eV)b 

c 

"i 

Ligand 

As2°5 

4  .3 

0  .87 
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-  0 
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1.7 
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2S  0 

**2°3 

2  .G 

0 .87 
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-0  I 

Ga (As ) 

-0 .6 
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i.i 
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Ga (As)O^ 
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(Ga  )AsO  ^ 
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- - - - 

0.33 

1  4 

-  0 

(a) 


(b) 


(c) 

(d) 


is  the  binding  energy  shift  with  respect  to 

I 

;  free  element . 

is  the  ligand  shift  referenced  to  the  free 

M.nt  where  .3Ee*W  J- 

is  the  number  of  ligands  of  the  given  kind. 

te  these  are  not  experimentally  determined  shifts; 
ese  shifts  are  calculated  for  the  ideal  structures 
ling  the  ligand  shifts  given  in  the  rest  of  the 
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FIGURE  CAPTIONS 


Fig. 


Fig. 


Fig.  3 


Fig.  4. 


Fig.  5. 


Fig.  <3 . 


’•  T"°  MO)  surface  .1,1,  an  energy  level  Ulagra, 

showing  the  location  of  the  filled  (As-derived)  and  empty 
(Ga -derived )  surface  states. 

EDO's  of  clean  and  oxygen  exposed  n-type  GaAs  (110)  at  hv  » 
100  eV.  The  exposure  of  1  x  1012  LO,,  (1  L  -  lo"5  ton-sec) 

was  made  on  sample  EDI ,  while  the  smaller  exposures  were  all 
on  samp le  LD3 . 


11,0  relatlve  ox^’en  of  the  GaAs  (110)  surface  as  a 

function  of  exposure  determined  from  the  area  under  the 
shifted  As -3d  levels  (A).  The  area  of  the  unshifted  As-3d 
levels  (V)  is  also  plotted.  The  scale  on  the  right  assumes 
saturation  is  reached  at  1012  LO,, . 

The  valence  band  of  clean  n-type  GaAs  (110)  and  the  same 
surface  exposed  to  the  indicated  exposures.  These  curves 
are  blow-ups  of  the  valence  band  region  of  Fig.  2 . 

EDC's  of  clean  and  oxygen  exposed  n-type  GaSb  (110)  at  hv  a 

100  eV.  Notice  that  both  the  Ga  and  Sb  shift  simultaneously 
with  increasing  oxygen  exposure. 

EDO's  of  GaSb  exposed  to  5  X  10*  U),,  for  three  photon  energies 
showing  the  variation  in  the  cross  section  of  the  Sb-4d  levels 
versus  photon  energy. 


Fig.  7. 


The  relative  oxygen  uptake  of  the  GaSb  (110)  surface  as  a 
function  of  exposure,  determined  from  the  area  under  the  0-2p 
level.  The  vertical  scale  is  obtained  by  comparing  the  areas 
under  the  0-2p  in  the  spectra  of  Fig.  5  to  the  areas  under  the 
0-2p  in  Fig.  2  for  GaAs . 

Fig.  8.  EDO's  of  clean  and  oxygen  exposed  p-type  InP  (110).  The  In-4d 

level  was  measured  at  hv  =  80  eV  and  the  P-2p  at  hv  =  lfiO  eV. 

Fig.  9.  EDO's  of  clean  p-type  GaAs  (110)  and  the  clean  surface  exposed 

to  excited  oxygen  at  hv  a  100  eV. 

Fig.  10.  EDO's  of  n-type  GaAs  (110),  LD1 ,  for  the  clean  surface,  the 

clean  surface  +  10  “  LO,,,  the  previous  surface  +  5  X  105  L 

excited  oxygen  with  a  0.4  ma  ion  gauge  emission  current 
(  HEAVILY  OXIDIZED"),  and  the  clean  surface  exposed  to  5xl05L 
excited  oxygen  with  4.0  ma  ion  gauge  emission  current  ("VERY 
HEAVILY  OXIDIZED")  . 

Fig.  11.  Plot  of  the  ratio  of  the  unshifted  to  shifted  As-3d  levels  as 

a  function  of  electron  kinetic  energy  for  the  GaAs  (110)  sur- 
12 

face  +  10  L02  (right-most  scale).  The  other  two  scales  give 

the  escape  depth  in  Angstroms  and  molecular  layers  (see  text). 
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Chapter  7 


VALENCE  BAND  STUDIES  OF  CLEAN  AND  OXYGEN  EXPOSED 
Ga As  (110)  SURFACES* 


by 

P.  Pianetta,  I.  Lindau,  P.  E.  Gregory,** 

C.  M.  Garner,  and  W.  E.  Spicer 

Stanford  Electronics  Laboratories 
and 

Stanford  Synchrotron  Radiation  Project 
Stanford  University,  Stanford,  California  94305 


ABSTRACT 


We  found,  by  correlating  band  bending,  ultraviolet  photoemission  spec¬ 
troscopy,  and  partial  yield  spectroscopy  measurements,  that  Fermi  level 
Pinning  at  midgap  of  n-type  GaAs  (110)  is  caused  by  extrinsic  states.  The 
exact  nature  of  these  states  is  not  yet  clear,  but  the  surfaces  with  Fermi 
level  pinning  were  strained  as  evidenced  by  a  smeared  valence  band  emission 
This  smearing  was  removed  by  as  little  as  one  oxygen  per  104  to  105  surface 
atoms.  This  implies  that  the  oxygen  as  very  long  range  effects  in  causing 
spontaneous  but  small  rearrangement  of  the  surface  lattice  and  removing  sur¬ 
face  strains.  When  about  5%  of  a  monolayer  of  oxygen  is  adsorbed,  a  major 
change  in  the  electronic  structure  takes  place.  Again,  the  oxygen  coverage 
is  very  small,  which  suggests  long  range  effects  now  leading  to  a  fairly 
large  rearrangement  of  the  surface  lattice.  Finally,  from  comparing  the 
oxygen  induced  emission  for  exposures  greater  than  107  L02 ,  with  the  spectra 
from  gas  phase  photoemission  measurements  on  molecular  oxygen,  we  suggest 
that  the  oxygen  is  chemisorbed  as  a  molecule  on  the  (110)  surface  of  GaAs. 
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I. 


INTRODUCTION 


The  atomic  structure  of  the  GaAs  (110)  surface  has  been  the  object  of 
numerous  theoretical  and  experimental  studies.  LEED  measurements1  as  well 
as  theoretical  predictions2  have  suggested  that  the  GaAs  (110)  surface  re¬ 
arranges  with  the  surface  arsenic  atoms  moving  out  and  the  surface  gallium 
atoms  in.  The  exact  values  of  these  displacements  are  still  under  investi¬ 
gation.  It  is  not  clear  how  useful  LEED  is  in  detecting  small  changes  in 
the  surface  rearrangement  due  to  defects  or  oxygen  adsorption.  Recent 
calculations  have  shown  that  the  valence  band  electronic  structure  of 
GaAs  (110)  surfaces  depends  markedly  on  the  surface  rearrangement.  ’  It 
is  difficult,  at  this  point,  to  correlate  differences  in  the  experimentally 
determined  valence  band  electronic  structures  to  actual  lattice  distortions 
since  the  calculations  that  have  been  performed  consider  only  the  extreme 
cases  of  the  fully  relaxed  and  ideal  surfaces.  Small  displacements  from 
these  two  extremes  have  not  yet  been  considered.  Consequently,  we  will 
not  attempt  detailed  comparisons  with  calculated  surface  densities  of 
states;  instead,  we  will  concentrate  on  looking  at  the  differences  in  the 
surface  valence  band  electronic  structure,  as  determined  by  photoemission, 
between  a  large  number  of  samples  as  well  as  the  effects  of  exposure  to 
4 

oxygen . 

The  valence  band  of  GaAs  consists  of  four  bands  extending  approximated 
14  eV  below  the  valence  band  maximum  (VBM) . 6  The  lowest  lying  band  (giving 
a  peak  9  to  14  eV  below  the  VBM)  is  primarily  s-like  and  associated  with  the 
arsenic.7’8  The  next  band  (giving  a  peak  centered  6.75  eV  below  the  VBM)  is 
composed  of  s-like  states  around  the  gallium  and  p-like  states  around  the 
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arsenic. 


The  remaining  two  bands  (giving  the  structure  for  the  first 

5  eV  below  the  VBM  and  containing  at  least  four  peaks)  are  completely  p- 

7  8 

like  around  the  arsenic.  ’  The  structures  associated  with  these  bands 

can  be  seen  in  Figs.  1-4  where  we  show  energy  distribution  curves  (EDC's) 

for  the  cleaved  GaAs  (110)  surface  taken  at  21  eV  (see  below  for  detailed 

discussion  of  these  spectra;  here,  we  will  just  use  them  as  examples  of 

the  general  GaAs  valence  band  structure).  All  the  peaks  are  easily  seen 

except  for  the  one  9-14  eV  below  the  VBM,  both  because  it  is  masked  by 

the  scattering  tail  and  because  the  cross-section  for  this  peak  (s-like) 

is  less  than  that  of  the  p-like  peaks  at  this  photon  energy.  We  should 

also  note  that  the  band  structure  of  GaAs  has  a  large  number  of  critical 

points  in  the  upper  5  eV  of  the  valence  band  compared  to  the  region  5-14 
9  10 

eV  below  the  VBM,  ’  The  critical  points  should  be  the  part  of  the  band 
structure  that  is  the  most  sensitive  to  any  changes  in  the  surface  lattice 
structure.  Thus,  we  should  expect  the  most  significant  changes  to  occur 
in  the  upper  5  eV  of  the  EDC's.  The  calculations  of  Refs.  3  and  4  show 
that  the  top  5  eV  of  the  valence  band  do  indeed  show  the  most  changes  due 
to  a  rearrangement  of  the  surface. 

Another  very  sensitive  technique  which  can  be  used  to  characterize 
semiconductor  surfaces  is  the  measurement  of  band  bending.11,12,13  The 
presence  of  band  bending  is  seen  as  a  difference  in  the  position  of  the 
Fermi  level  at  the  surface  with  respect  to  that  in  the  bulk  which  is  de¬ 
termined  by  the  doping.  For  GaAs  (110) ,  it  has  been  recently  shown  from 
contact  potential  difference  measurements  and  photoemission* ’ ^  that 
the  bands  are  flat  all  the  way  up  to  the  surface  within  the  experimental 


uncertainty.  This  means  that  for  p-typo  GaAs  (110)  the  Fermi  level  is 

at  the  VBM ,  while  for  n-type  it  is  at  the  conduction  band  minimum  (CBM). 

In  earlier  work,11'1-  however,  Fermi  level  pinning  was  detected  in 

n-type  GaAs  (110).  This  pinning  was  attributed  to  the  existence  of  an 

empty  band  of  intrinsic  surface  states  in  the  middle  of  the  gap.  These 

If) 

results  were  reinforced  by  partial  yield  measurements  showing  strong 

transitions  from  the  Ga-3d  levels  to  states  which  seemed  to  be  located 

in  the  middle  of  the  gap  (the  partial  yield  results  have  since  been  re- 

16 

interpreted  to  be  consistent  with  the  absence  of  band  bending). 

The  presence  or  absence  of  intrinsic  states  in  the  gap  has  impor¬ 
tant  implications  bearing  on  surface  band  structure  calculations.  For 

' 

example,  calculations  based  on  the  ideal  surface  result  in  an  empty  band 

7 

of  surface  states  in  the  gap,  whereas,  those  based  on  the  rearranged 
surface  give  an  empty  band  of  surface  states  whose  center  of  gravity  is 
in  the  conduction  band.3  Therefore,  it  is  important  to  clarify  some  of 
the  present  confusion  as  to  the  origin  cf  the  states  that  cause  the  Fermi 
level  pinning  in  n-type  GaAs  (110).  Some  workers  have  assumed  the  pin¬ 
ning  observed  in  the  earlier  work  was  always  caused  by  surface  roughness 
which  was  the  result  of  bad  cleaves.1^’  ’  However,  some  of  our  previ¬ 
ous  work  has  shown  that  pinning  is  observed  in  macroscopically  good 
cleaves  as  well.^’1^  Thus,  the  Fermi  level  pinning  could  also  be  caused 
by  states  which  are  the  result  of  surface  strain  or  other  microscopic 
defects  in  the  crystal. 

In  order  to  investigate  more  systematically  the  possible  relation¬ 
ship  between  the  Fermi  level  pinning  on  clean  n-type  GaAs  (110)  with 
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surface  defects  or  s 


trains  as  well  as  the  nature  of  the  states  causing 
the  pinning  (l.e.,  whether  they  are  actually  Intrinsic  or  extrinsic) . 

„e  performed  a  series  of  experiments  where  we  studied  photoemission  and 
partial  yield  spectroscopy  measurements  from  four  different  samples 
(16  total  cleaves) .  We  concentrated  on  the  valence  band  electronic 
structure,  particularly  the  top  5  eV,  and  correlated  the  changes  in 
this  structure  with  both  the  Fermi  level  pinning  and  partial  yeild  for 
the  clean  and  oxygen  exposed  surfaces. 


II.  experimental 


Apparatus  and  Procedure 


He  experimental  apparatus  has  been  described  In  detail 


elsewhere, 8  and  only  details  which  are  pertinent  to  this  experiment  will 
be  described  below. 

We  studied  four  separate  samples  from  two  suppliers.  Tiuee  01 
the  samples  came  from  laser  Diode  Corporation  (ID).  Those  will  be  des¬ 
ignated  samples  till,  ,D2.  and  LD3 .  1D1  and  >D2  were  cut  from  the  same 

boule .  The  third  came  from  MCP  Electronics  In  England  (MCP) .  The  sam¬ 
ples  were  5  mm  V  5  mm  ■<  12  mm  with  the  (110)  axis  along  the  long  dimen¬ 


sion.  All  samples  were  n-type  and  had  the  following  doping:  LD1  and 


LD2,  Te  doped  with  n  -  0.5  x  1018  cm'3;  LD3,  Te  doped  with  n  -  3.5  x 


1017  cm'3;  and,  MCP,  Te  doped  with  n  -  1.7  x  1018  cm'3.  The  MCP  sample 

1  1 


was  the  same  sample  used  by  Gregory  and  Spicer  in  their  earlier  work. 


11 


The  sample  chamber  consists  of  a  stainless  steel  UHV  bell  jar, 


base  pressure  <1  *  10_1°  Torr.  The  pumping  system  is  a  240  L/sec  lor 


i  I* 


'J/.’TY 


180 


pump  plus  titanium  cryopump  with  a  poppet  valve  for  sealing  the  pump 
from  the  main  chamber.  The  samples  are  mounted  in  a  carousel  being 
held  at  one  end  with  a  metal  clamp  which  exerts  a  minimum  amount  of 
pressure  on  them.  Four  cxeaves,  each  2  mm  thick,  can  be  taken  from 
each  sample.  The  samples  are  cleaved  by  carefully  squeezing  them 
between  an  annealed  copper  anvil  and  a  tungsten  carbide  blade.  A 
cleave  is  judged  to  be  "good"  if  it  has  a  shiny,  mirror-like  surface. 

We  have  since  performed  preliminary  optical  measurements  and  found 
that  the  cleaves  appear  comparable  to  the  "good"  cleaves  of  Huijser 
and  Van  Laar  in  terms  of  step  density. 

All  cleaves  were  performed  at  pressures  <  1  x  10~10  Torr,  and 
no  hot  filament  or  ionization  gauges  were  used  during  the  measurements 
or  oxygen  exposures  except  as  specifically  noted.  Gas  exposures  were 
performed  by  admitting  research  grade  oxygen  into  the  vacuum  system 
through  a  bakeable  leak  valve.  For  large  exposures,  an  auxiliary  pump¬ 
ing  system  was  used  to  return  the  main  chamber  to  pressures  below  'v  10  ^ 

Torr.  Binding  energies  were  measured  with  respect  tc  the  VBM  and  the 
position  of  the  Fermi  level  with  respect  to  the  VBM  was  determined  by 
referencing  to  the  Fermi  level  of  a  gold  film  evaporated  in  situ  on  a 
substrate  in  electrical  contact  with  the  sample.19 

Synchrotron  radiation  in  the  range  9  to  30  eV  from  the  "8°"  line 
at  the  Stanford  Synchrotron  Radiation  Project^  was  used  in  this  work. 

The  radiation  is  first  monochromated  by  a  Seya-Namioka  monochromator 
and  then  enters  the  chamber  through  a  bakeable  straight  through  valve. 

The  energy  of  the  photoemitted  electrons  is  then  determined  by  a  double 
pass  cylindrical  mirror  analyzer  operated  in  the  retarding  mode.  This 
mode  insures  a  constant  resolution  which  is  equal  to  0.6%  of  the  electron 
pass  energy.  In  these  measurements,  we  used  a  pass  energy  of  25  eV, 
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giving  an  electron  energy  resolution  of  0.15  eV.  Counting  rates  over 

4 

2  *  10  C/sec  in  the  GaAs  valence  band  at  hv  »  20  eV  were  typical. 

B.  Results 

In  Figs.  1-4,  we  show  EDC's  taken  at  21  eV  (20  eV  in  Fig.  4) 
for  several  cleaves  from  each  of  samples  LD1 ,  LD2 ,  LD3 ,  and  MCP.  We 
will  designate  successive  cleaves  from  a  given  sample  as  cleaves  A,  B, 

C,  etc.,  and  we  will  refer  to  cleave  A  from  sample  LD1  as  "sample  LDlA;" 
similarly,  cleave  A  from  sample  MCP  is  "sample  MCPA,"  and  so  on.  The 
Fermi  level  at  the  surface  is  marked  on  each  curve.  The  horizontal 
scale  gives  the  energy  below  the  VBM.  The  position  of  the  Fermi  level 
relative  to  the  valence  band  maximum  as  well  as  to  the  peak  at  a  binding 
energy  of  6.75  eV  Is  plotted  in  Fig.  5.  (This  figure  will  be  discussed 
below. ) 

In  Table  I,  we  give  a  summary  of  the  samples  that  were  stud¬ 
ied.  This  table  includes  the  figure  numbers  where  the  spectra  for  the 
various  samples  are  located,  an  indication  as  to  the  sharpness  of  the 
spectral  features  in  the  top  5  eV  of  the  valence  band  for  each  sample 
and  a  classification  of  each  sample  based  on  the  band  bending. 

The  first  thing  we  should  notice  from  Figs.  1-1  is  that  the 
peak  locations  are  constant  from  sample  to  sample  and  cleave  to  cleave. 
Relative  peak  heights,  on  the  other  hand,  vary  considerably.  As  an  ex¬ 
treme  example,  compare  sample  LD1C,  i.e.,  sample  till,  cleave  C  (Fig.  11 
with  samples  MCPA  &  B  (Fig.  4).  In  Sample  ID1C,  there  is  a  large  peak 
1.75  eV  below  the  VBM,  whereas  it  is  relatively  small  on  MCPA.  There  is, 
however,  better  agreement  in  the  shape  of  the  valence  band  structure 
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when  samples  from  the  same  boule  are  compared.  For  example,  all  cleaves 
from  the  same  sample  are  similar  and  all  cleaves  from  samples  LD1  and 
LD2  (Fig.  2),  which  are  different  samples  from  the  same  boule,  give  sim¬ 
ilar  results. 

The  next  observation  that  will  be  made  concerns  the  "sharpness" 
of  the  individual  spectra  for  the  clean  samples.  This  is  a  very  subjec¬ 
tive  judgement  and  open  to  question,  but  we  feel  that  the  observations 
are  general  enough  that  they  should  be  of  some  use.  In  all  cases,  sam¬ 
ples  with  the  Fermi  level  located  at  the  conduction  band  minimum  are 
somewhat  sharper,  i.e.,  more  structure  can  be  resolved  in  the  top  5  eV 
of  the  EDC .  For  example,  compare  LD1C  to  LD1A ,  B,  or  D;  also,  compare 
MCPA  to  MCPB  or  MCPC.  LD3A,  B,  or  C  (Fig.  4)  do  not  exhibit  significant 
surface  Fermi  level  pinning,  and  they  have  very  well  resolved  structure 
in  the  top  of  the  valence  band.  An  exception  is  sample  LD2 .  Cleaves  A, 

C,  and  D  from  sample  LD2  are  as  sharp  as  LD1C,  yet  they  exhibit  pinning 
while  LD1C  does  not.  Samples  LD2B  and  2  (not  shown)  had  a  verv  smeared 
out  structure  and  exhibited  Fermi  level  pinning.  Thus,  the  most  general 
statement  we  can  make  concerning  these  observations  is  that,  if  a  sample 
has  an  unpinned  Fermi  level,  the  structure  in  the  upper  5  eV  of  the  va¬ 
lence  band  will  be  well  defined.  If  the  Fermi  level  is  pinned,  the  ma¬ 
jority  of  samples  will  have  a  smeared  out  valence  band. 

We  should  also  note  at  this  point  that,  in  the  case  of  LD1C, 
the  structure  in  the  top  of  the  valence  band  became  sharper  after  the 
sample  had  been  in  the  vacuum  system  at  1  x  10  i  torr  for  12  hours.  In 
the  case  of  MCPB,  however,  the  structure  did  not  change  noticeably  even 
after  20  hours  at  10  10  torr.  In  both  cases,  there  was  movement  of  the 
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position  of  the  Femi  level.  Me  ere  not  yet  sure  If  the  sharpening  is 
due  to  some  sort  of  surface  lattice  relaxation  with  time  or  if  it  is  due 
to  contamination.  At  a  base  pressure  of  „  lo’10  torr,  the  sharpened 
structure  had  an  exposure  of  v  4L  to  the  residual  gas  in  the  chamber.  As 
we  will  show  below,  definite  effects  in  the  valence  band  are  observed  with 
the  addition  of  less  than  100  L  of  oxygen  (in  some  cases,  effects  are  seen 

for  exposures  as  low  as  10  1).  Consequently ,  the  effect  we  are  seeing 
could  be  due  to  contamination. 

Before  discussing  the  position  of  the  Fermi  level  as  a  function 
of  oxygen  exposure,  let  us  consider  one  more  feature  which  all  the  samples 
have  in  common.  In  Figs.  6  to  14,  we  show  the  EDO's  as  a  function  of  oxy¬ 
gen  exposure  for  a  representative  number  of  cleaves  from  each  sample.  In 
all  cases,  changes  take  place  in  the  top  5  eV  of  the  valence  band  for  expo¬ 
sures  which  are  less  than  103  L  of  0...  In  some  cases,  the  changes  take 
Place  for  exposures  as  small  as  10  L  0,  (see,  for  example.  Figs.  10  and  11). 
«hen  the  EDC  for  the  clean  sample  is  smeared  out,  these  changes  take  the 
form  of  a  sharpening  of  the  structure  in  the  top  5  eV  of  the  valence  band 
(see  Figs.  8  and  10).  In  ocher  cases,  where  the  EDC’s  show  well  resolved 
valence  band  structure  in  that  region,  the  changes  are  more  subtle,  i.e., 

there  might  be  a  small  variation  in  relative  peak  heights  as  shown  in 
Figs.  6,  9,  13,  and  14. 

Now  that  we  have  taken  care  of  these  general  considerations, 
we  will  group  the  spectra  together  according  to  the  Fermi  level  pinning, 
and  then  we  will  describe  each  group  in  detail.  The  first  group  contains 
samples  LD1C,-0  MCPA,  and  LD3A,  fl,  c.  In  all  these  samples,  the  Fermi 
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level  was  located  approximately  at  the  conduction  band  minimum,  i.o.,  no 
surface  Fermi  level  pinning  is  observed.  Wo  have  complete  exposure  data 
only  for  samples  LD1C  and  LD3C  which  are  shown  in  Figs.  7  and  l-l ,  respec¬ 
tively.  There  is  only  one  exposure  for  sample  MCPA,  and  this  is  shown  in 
Fig.  9. 


to  1.(5  oV 
cation  of 
eV .  Thus . 


The  first  thing  to  notice  is  that  the  Fermi  level  is  about  l.-l 
above  the  valence  band  maximum,  which  is  approximately  the  lo- 
tho  conduction  band  minimum  since  the  baud  gap  of  GaAs  is  l.-J 
the  Fermi  level  is  at  the  bulk  position,  and  there  is  no  pin¬ 


ning. 


As  the  surface  is  exposed  to  more  and  more  oxygen,  the  Fermi 
level  moves  closer  and  closer  to  midgap  until  it  stops  moving  downward 
by  about  10  L  02  (Figs.  7  and  14).  These  points  are  plotted  in  the 
lowest  curve  of  Fig.  5.  After  the  initial  sharpening  of  structure  in 
sample  LD1C,  notice  that  no  large  changes  occur  in  the  EDO's  until  we 
reach  this  critical  exposure  at  103  to  106  L  0,.  Up  until  this  point, 
the  only  changes  seen  were  the  changes  in  the  top  5  eV  of  the  valence 
band  and  a  possible  splitting  in  the  band  structure  feature  located 
10-12  eV  below  the  VBM  (this  happened  for  sample  LD1C  in  Fig.  7;  no  such 
splitting  was  seen  for  LD3C  in  Fig.  14).  At  105  to  106  L0  ,  a  signifi¬ 
cant  amount  of  emission  is  lost  from  the  top  3  eV  of  the  valence  band, 
and  most  of  the  sharp  structure  in  top  5  eV  is  gone.  The  valleys  located 
4.5  and  8.3  eV  below  the  VBM  start  filling.  No  definite  peak  is  seen 
yet  in  the  4.5  eV  valley.  However,  for  LD1C  (Fig.  7),  two  peaks  can  be 
clearly  resolved  at  8.3  and  9.7  eV  below  the  VBM  and,  for  LD3C  (Fig.  14), 
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one  peak  is  seen  at  8.3  eV  below  the  VBM.  The  peak  at  6.75  eV  has 
so  far  been  unaffected  by  the  oxygen.  By  10  LO^.  the  Fermi  level 
has  moved  back  towards  the  CBM  by  0.15  eV  (Fig.  5).  The  large 
exposures  have  led  to  a  further  decrease  in  the  emission  at  the  top 
of  the  valence  band  and  an  increase  in  emission  from  the  adsorbed 
oxygen.  Also,  at  109  L00,  a  more  definite  oxygen  level  begins  to 
appear  5  eV  below  the  VBM.  The  emission  from  the  GaAs  is  still  so 
large  with  respect  to  the  new  emission  that  it  is  very  difficult  to 
find  the  precise  location  of  the  new  structure. 

The  second  group  contains  those  cleaves  which  exhibit 
Fermi  level  pinning  at  about  midgap.  This  group  is  the  largest  and 
contains  LDlA,  B,  D;  LD2A,  B,  C,  D,  E;  and  MCPC,  D  (Figs.  6,  8;  13, 

15;  and,  11,  12,  respectively).  In  the  majority  of  these  cleaves, 
the  Fermi  level  is  pinned  0.9  ±  0.15  eV  above  the  VBM,  and  it  remains 
within  these  limits  for  all  exposures.  In  two  cases,  LD1D  (Fig.  8) 
and  LD1C  (Fig.  15),  the  initial  pinning  was  0.6  eV  above  the  VBM 
(these  two  samples  have  not  been  included  in  Fig.  d).  The  effect  of 
oxygen  on  the  valence  states  at  the  surface  is  the  same  as  for  the 
first  group  when  exposures  >  10^  L02  are  reached.  Again,  oxygen  emis¬ 
sion  begins  to  be  seen  at  109  L02  as  for  the  first  group.  For  the 
lower  exposures,  especially  below  103  L02  in  all  of  the  LD1  and  MCP 
samples,  the  top  5  eV  of  the  EDC  sharpened  dramatically  even,  in  one 
case,  for  an  exposure  as  low  as  10  LO,,.  The  LD2  samples,  already 
somewhat  being  sharp,  show  more  subtle  effects. 

20 

The  third  "group"  contains  only  one  sample,  MCPB,  and  is 
shown  in  Fig.  10.  In  this  c.  a,  the  Fermi  level  for  the  just  cleaved 
surface  is  located  0.7  eV  above  the  VBM,  putting  it  at  midgap. 
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After  being  in  the  vacuum  system  at  <1  X  10  ^  torr  for  20  hours 

(giving  an  exposure  of  7  L  to  residual  gases),  the  Fermi  level  moves 

to  0.8  eV  above  the  VBM.  Upon  exposure  to  oxygen,  the  Fermi  level  goes 

to  the  unpinned  position  (CBM)  by  10  L02 ,  remains  at  that  position  un- 

2 

til  an  exposure  of  10  L02 ,  and  then  returns  back  to  midgop  by  about 

g 

10  L02«  T*18  s^ruc*ure  the  top  of  the  valence  band  sharpens 

dramatically  for  an  exposure  of  less  than  100  L02 ,  as  for  the  group  II 

samples,  and  the  loss  of  intensity  in  the  upper  5  eV  of  the  EDC  is  seen 
5 

ns  early  as  10  L02 .  even  before  a  significant  filling  of  either  of  the 

two  valleys  (4.5  and  8.3  eV  below  the  VBM)  has  taken  place. 

This  sample  presents  a  unique  situation.  If  we  measure  the 

position  of  the  Fermi  level  relative  to  the  VBM,  we  get  the  behavior 

described  above  and  shown  in  the  bottom  curve  of  Fig.  5.  If,  however, 

we  measure  the  Fermi  level  with  respect  to  the  peak  6.75  eV  below  the 

VBM  (labeled  peak  "a"  in  the  example  EDC  on  the  top  of  Fig.  5),  we  find 

that  the  Fermi  level  moves  up  0.9  eV  from  freshly  cleaved  to  1  LO  expo- 

3 

i'dre.  and  then  remains  at  this  position  until  10  L  (see  top  curve  in 
Fig.  5).  If  we  measure  the  distance  from  the  6.75  eV  peak  to  the  VBM 
and  plot  it  vs  exposure,  we  get  the  middle  curve  of  Fig.  5  (x's),  whore 
we  have  included  the  same  plot  for  sample  LD1C  (solid  circles)  for  com¬ 
parison.  It  becomes  very  clear  from  these  curves  that  the  width  of  the 
valence  band  at  the  surface  is  changing  as  well  as  having  a  change  in 
the  pinning.  The  decrease  in  width  upon  addition  of  oxygen  implies  that 
structure  at  the  top  of  the  valence  band  is  removed  with  oxygen.  Fur- 

o 

thormoro,  the  6.75  eV  peak  becomes  noticeably  narrower  by  ICj  JO  . 

2 

Neither  effect  was  seen  in  the  other  samples.  In  those  cases,  the  6.75 
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eV  peak  remained  constant  in  width,  and  the  distance  from  the  6.75  eV 
peak  and  the  VBM  remained  approximately  constant  for  all  oxygen  exposures, 
as  can  be  seen  from  the  example  given  for  sample  LD1C .  The  broadening  in 
the  MCPB  sample  could  be  due  to  a  very  strained  surface  giving  rise  to  new 
structures  in  the  EDC ,  which  disappear  with  oxygen,  or  simply  to  a  nonuni¬ 
form  work  function  across  the  surface  of  the  sample,  or  even  a  combination 
of  both.  However,  since  we  observed  this  effect  only  once,  it  is  very 
difficult  to  draw  more  definite  conclusions. 

We  can  make  a  general  comment  with  reference  to  Fig.  5,  although 
the  top  and  bottom  sets  of  curves  are  consistent  with  each  other.  Less 
scattering  was  obtained  between  the  data  points  in  the  top  set.  This  indi¬ 
cates  some  of  the  problems  in  using  the  VBM  as  a  reference.  Since  the  top 
5  eV  of  the  VB  change  in  shape,  using  the  upper  edge  as  a  reference  is 
clearly  less  reliable  than  using  a  constant  structure  such  as  the  6.75  eV  peak. 

We  now  turn  our  attention  to  what  happens  when  we  use  the  hot  fila¬ 
ment  ionization  gauge  during  an  exposure.  These  results  are  shown  (for  sample 
LD2C)  in  the  dashed  curves  of  Fig.  15.  The  solid  curves  were  obtained  using 
unexcited  oxygen  on  sample  LD2A  and  are  shown  for  comparison.  The  excited 

oxygen  speeds  up  the  rate  of  chemisorption,  as  can  be  seen  by  comparing  the 

5  ® 

dashed  curve  at  10  L  (excited  oxygen)  exposure  with  the  solid  curve  at  10  L 

(unexcited  oxygen)  exposure.  In  fact,  the  first  large  effects  with  excited 

4 

oxygen  are  seen  at  5  x  10  L  while,  with  unexcited  oxygen,  the  first  large 

6  7 

effects  are  seen  between  10  and  10  L,  an  increase  in  activity  by  about  a 
factor  of  100.  We  have  discussed  the  increase  in  the  rate  of  adsorption  in 
References  5  and  21.  As  in  the  exposures  with  unexcited  oxygen,  we  see  the 
appearance  of  oxygen  induced  emission,  associated  with  the  0-2p  level,  at 

g 

exposures  >10  L.  In  the  case  of  excited  oxygen,  however,  this  emission  is 
much  more  pronounced  and  eventually  becomes  the  dominant  feature  of  the  EDC, 
located  at  approximately  5  eV  below  the  VBM  of  the  clean  sample.  With  unexcited 


188 


oxygen,  Che  oxygen  e»ission  i.  «  —  a  ahoulder  at  even  105  L.  Also 
note  that  the  position  of  the  0-2p  emission  does  not  become 
lished  until  after  an  exposure  of  l*7  L  excited  oxygen  since,  even  at 
105  L  excited  oxygen,  it  is  not  much  bigger  than  the  GaAs  emission. 

<-  8  v  eV  below  the  VBM  in  both 

At  105  L.  a  peak  is  present  at  8.- 

. .  ,,n,,  i  o  seen  for  the  sample 

ni,  .a  a  a  eV  below  the  VBM  is  - 
samples.  A  second  peak  at 

7  ,  „„  he  seen  from  the  figure, 

to  unexcited  oxygen  until  10  I/y  An  can 

.  ,r.  the  name  (or  exposure  to  either  excited  or 

these  two  sets  of  peaks  aie  xi 

..  to7  L  of  excited  oxygen, 

.  unexcited  oxygen.  We  note,  however.  that  at 

.  t  8  °  and  9.9  eV  below  the  VBM  disappeai  and 
the  two  peaks  at  8.-  nnn 

i  „  The  same  sequence  of  exposures  with 

peak  at  8.8  eV  takes  their  place.  The 

moC  taken  at  a  photon  energy  of  25  eV,  s 
excited  oxygen  for  sample  LD-C, 

16  This  was  done  mainly  to  get  a  better  look  at  an) 
shown  in  Fig.  16-  lnis 

i  ,.mI  is  obscured  by  the 

stru=ture  lower  than  10  .V  below  the  VBM  >*lch 

,  for  hv  -  01  eV  .  By  comparing  Figs  .  15  and  16 ,  we  see  that 
scattering  peak  for  hv  ^  maJor 

EDC's  for  the  two  photon  energies  are  similar  exce 
th©  EDC  si  ...  irnM  1c 

ni.  8  9  and  9.9  eV  below  the  VBM  l- 
row.=  +  the  structure  at  ».2  ana 
exceptions.  First,  tne  si. 

fi  for  the  25  eV  spectrum,  whereas  i 

no,  visible  at  106  L  excited  oxygen  (or 

t  8.8  eV  below  the  VBM  Is  quite  ptoiai 

is  present  at  21  eV.  The  pea  .  Soco„d .  because 

of  cross-section  edects .  the  height  of  th,0-2p  derived  emission  re 1- 

,14-  qq  ion  from  the  oxygen 
nhie  to  see  direct  emission 
ov.  Consequently,  we  are  able 

more  readily  using  25  eV  photons. 
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The  next  experimental  results  are  those  of  partial  yield  spec¬ 
troscopy  measurements  performed  on  samples  LDlc,  which  shows  no  pinning 
and  MCP13,  which  shows  pinning  at  midgap.  These  spectra,  shown  in  Figs. 
17n  and  17b,  were  performed  concurrently  with  the  data  of  Figs.  7  and 
10.  The  two  sets  of  spectra  are  essentially  identical.  There  are  some 
differences  in  relative  peak  heights  and  shapes,  but  the  energy  posi¬ 
tions  of  all  the  peaks  are  identical.  On  the  clean  spectra,  there  are 
two  sharp  peaks  at  19.7  and  20.11  eV  and  a  third  broad  peak  at  20.9  eV. 

I  pen  addition  of  oxygen,  the  three  peaks  remain  unchanged  in  position 
and  shape  up  to  an  exposure  of  10 J  L  of  unexcited  0„ .  At  10°  the 
peaks  are  almost  gone,  but  there  has  been  no  shift  Ln  energy  position. 

At  10  1,,  the  t  in*  structure  is  completely  gone,  leaving  one  broad  peak 

at  20.1  eV.  The  behavior  of  partial  yield  spectra  for  other  samples  and 

cleaves  was  identical  to  the  spectra  shown,  irrespective  of  any  differ¬ 
ences  in  the  initial  Fermi  level  pinning  or  behavior  with  oxygen  expo¬ 
sure  . 

III.  DISCUSSION  AND  CONCLUSIONS 

In  the  discussion  that  follows,  we  will  first  condense  the 

information  obtained  from  our  valence  band,  Fermi  level  pinning,  and 

partial  yield  studies,  and  then  correlate  these  results. 

We  have  seen  three  main  things  in  our  data.  First,  Fermi  level 

pinning  occurred  on  surfaces  that  could  be  classified  as  good  cleaves. 

This  implies  that  pinning  is  not  necessarily  caused  by  high  step  densi- 

13  14 

ties  or  surface  roughness,  ’  but  rather  by  more  subtle  types  of  de¬ 
fects.  Exposure  of  the  surface  to  oxygen  caused  the  Fermi  level  to  go 
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to  mid jra p  for  unpinned  samples  and  stay  the  same  (at  midgap)  Tor  the 
pinned  samples. 


Second,  the  top  5  eV  of  the  EDO's  ,ero  relatively  sharp  for  un¬ 
pinned  samples,  while  for  pinned  samples  the  structure  in  this  region 
'vas.  in  general,  more  smeared.  The  exposure  of  the  surface  to  loss 
than  10  lol>  resulted  in  a  sharpening  of  the  smeared  structure  and  more 
subtle  changes  in  relative  peak  heights  for  the  sharp  EDO's.  At  expo- 

5'"'oa  l’ot'voe"  10“  *»  U,S  “V  «>»  *>P  5  «v  or  the  valence  bnml  ,,  „„„ 
otfoctol,  .nhlbltlnc  both  „  loss  „f  „,isslon  amt  .nenrlne.  for  expo- 

sures  above  10°  IA, ,  the  top  5  eV  of  the  EDO  dropped  even  more  and  oxy¬ 
gen  induced  emission  became  noticeable.  However,  at  21  oV .  the  cross- 
sections  are  such  that  no  clear  peak  from  the  oxygen  can  yet  he  seen  d 

to  5  eV  below  the  VBU.  Through  all  this,  the  valence  bund  structures 
lower  than  5  eV  below  the  VBM  have  remained  essentially  unchanged. 

Third,  the  partial  yield  gave  the  same  results  for  all  samples, 
irrespective  of  the  initial  position  of  the  Fermi  level.  Addition  of 


as  much  as  105  LO,  had  no  effect  on  the  partial  yield  structure  either 
in  peak  position  or  height.  The  peaks  lose  intensity  at  106  L0„  and 
disappear  by  107  102 ,  with  no  shift  in  the  peak  positions. 

As  we  mentioned  in  the  introduction,  the  top  5  eV  of  the  valence 
band  should  be  strongly  affected  by  the  surface  lattice  structure,  so 
that  movements  in  the  positions  of  the  surface  atoms  would  appear  as 
changes  in  the  top  5  eV  of  the  EDC.  If  a  surface  is  strained,  the 
surface  atoms  at  the  strain  points  will  be  somewhat  displaced  from 
their  ideal  positions.  Consequently,  the  EDC's  from  such  a  surface 
would  be  smeared,  since  the  EDC  would  have  contributions  from  both 
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the  ideal  and  strained  parts  of  the  surface.  The  fact  that  surfaces 
with  unpinned  Fermi  levels  have  sharp  structures  in  the  top  5  eV  of 
the  EDC ,  while  samples  with  pinned  Fermi  levels  are  initially  smeared 
and  sharpen  with  exposure  to  oxygen,  indicates  that  the  unpinned  sur¬ 
faces  are  more  perfect.  That  is,  the  surfaces  exhibiting  Fermi  level 
pinning  are  probably  strained.  Furthermore,  since  we  see  no  differ¬ 
ence  in  the  partial  yield  results  from  the  samples  with  and  without 
Fermi  level  pinning,  the  pinning  must  be  due  to  extrinsic  states.4,13 
Therefore  by  combining  the  photoenission  and  partial  yield  results, 
we  can  conclude  that  surface  defects  could  be  responsible  for  both 
the  Fermi  level  pinning  and  the  smearing  of  the  valence  band. 

The  sharpening  of  the  EDC's  with  oxygen  occurs  for  exposures  less 
than  103  L02.  From  previous  work,5  we  saw  that  at  10b  LO,  the  coverage 
is  only  5Z  of  saturation.  Assuming  saturation  at  half  monolayer 

14  2 

(4 * 4  x  oxygens/cm  ),  the  oxygen  coverage  causing  sharpening  of  the 

EDC's  would  be  on  the  order  of  one  oxygen  per  10“  to  105  surface  atoms. 
These  rather  long  range  eff-c  s  associated  with  the  oxygen  can  be  inter¬ 
preted  to  mean  that  the  surface  strains  are  rather  unstable  so  that  re¬ 
arrangements  can  be  triggered  quite  easily  by  very  few  oxvgens.  One 

4  5 

oxygen  per  10  to  10  surface  atoms  gives  a  concentration  on  the  sur¬ 
face  of  approximately  4  *  109  to  4  v  1010  oxygens/cm2.  The  typical 
concentration  of  'opant  on  the  surface  is  on  the  order  of  10i0  atoms/cm2 
for  a  bulk  doping  of  10  '  atoms/cm  .  It  is  interesting  that  these  num¬ 
bers  are  close  enough  to  indicate  a  possible  link  between  the  dopant  and 
Che  initial  oxygen  chemisorption.  However,  we  should  keep  in  mind  that 
it  does  take  at  least  101'  to  1013  states/cm“  to  pin  the  Fermi  level  at 
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midgap.11,12’13  Thus,  although  the  dopant  atoms  at  the  surface  could 
be  responsible  for  triggering  surface  rearrangement  upon  oxygen  chemi¬ 
sorption,  they  can  not  be  the  primary  cause  of  the  Fermi  level  pinning 
observed  on  the  surfaces  with  the  smeared  EDC's.  In  addition,  even 
though  the  already  sharp  EDC's  (i.e.,  with  no  pinning)  are  affected  by 
less  than  103  L00,  the  Fermi  level  does  not  start  to  move  towards  mid- 
gap  until  exposures  larger  than  10  LO^.  This  is  more  evidence  which 
implies  that  the  sites  causing  the  pinning  or  strain  and  those  that 
remove  the  strain  are  not  necessarily  the  same. 

Many  of  the  conclusions  that  have  been  drawn  so  far  have  been  rather 
speculative,  but  the  most  important  point  that  must  bo  reiterated  is  that 

the  chemisorbed  oxygon  has  long  range  effects  on  the  surface,  acting  at 

4  5 

coverages  as  small  as  one  oxygen  per  Id  to  10  surface  atoms.  The  fact 
that  the  oxygon  has  such  largo  effects  for  very  small  coverages  implies 
that  oxygen  stimulates  spontaneous  rearrangement  of  the  surface  by  pos¬ 
sibly  removing  strains.  The  cause  of  the  pinning  on  the  cleaved  samples 
is  extrinsic  states  whose  source  is  not  yet  known.  However,  wo  suggest 
that  surface  defects  cause  both  the  pinning  and  the  smearing  of  the  EDO’s 

Between  103  and  10b  ,  the  coverage  goes  from  1  oxygen  in  10 1  to 

5 

10  surface  atoms  to  5%  of  saturation,  and  the  Fermi  level  goes  from  the 

CBM  to  midgap  (for  group  I  samples).  This  latter  coverage  corresponds 
13  2 

to  about  10  oxygen  atoms/cm  which  is  approximately  the  number  of 
states  needed  at  the  surface  to  pin  the  Fermi  level.  Thus,  It  is  easy 
to  see  the  origin  of  the  Fermi  level  pinning  with  exposure  to  oxygen, 
provided,  of  course,  that  every  chemisorbed  oxygen  gives  rise  to  one 
new  interface  state.  Besides  pinning  the  Fermi  level  at  midgap,  an 
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oxygen  exposure  of  10 ^  LO.,  results  in  the  complete  smearing  of  the  top 

5  eV  of  the  EDO's.*  SLnce  the  coverage  is  now  only  about  one  oxygen 

atom  per  20  surface  sites  (i.e.,  5%  of  saturation),  the  effects  of  the 

oxygen  are  again  long  range.  The  large  changes  i:  the  EDO's  imply  a 

relatively  large  rearrangement  of  all  the  surface  atoms,  not  just  the 

ones  at  the  strain  sites,  as  was  the  case  before. 

With  these  large  changes  taking  place  In  the  valence  band  ,  we 

should  also  expect  significant  changes  in  the  local  dielectric  constant 

(or  screening  properties)  at  the  surface.  Such  changes  would  explain 

5  7 

the  disappearance  of  the  partial  yield  peaks  in  going  from  10  to  10 
L0o .  If  the  screening  at  the  surface  changes,  the  excltonlc  binding 
energy,  which  determines  the  position  of  the  peaks  in  the  partial  yield 
could  change.  If  this  happened,  the  partial  yield  from  the  clean  sur¬ 
face  would  drop  and  new  structure  representative  of  the  new  excitonic 
binding  energy  would  grow.  We  could  not,  however,  see  such  new  struc¬ 
ture  If  It  was  too  close  to  the  valence  band.  Thus,  the  loss  of  the 
partial  yield  peaks  could  possibly  be  due  to  a  rearrangement  of  charge 
in  the  surface  layer  rather  than  a  direct  interaction  of  the  oxygen 
with  the  surface  gallium  atoms.  The  same  arguments  could  be  applied 

to  explain  the  disappearance  of  the  structure  in  electron  energy  loss 
22 

measurements . 

With  exposure  to  large  amounts  of  oxygen,  we  saw  further  decrease 
in  the  intensity  from  the  top  5  eV  of  the  valence  band  with  two  new 
peaks  9.9  and  3.2  eV  and  a  shoulder  4  to  5  eV  below  the  VBM.  Similar 
peaks  are  present  during  the  initial  stages  of  exposure  to  excited  oxy- 
This  fits  in  with  other  data  from  chemical  shift  measurements 
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11  ““S  Sh0“"  that  the  r«“U  of  exposur.  to  excited  or  unexcited 
oxvgen  started  in  the  same  way,  i.e.  ,  with  a  chemisorption  stage.5 

However,  in  the  case  of  excited  oxygen,  the  surface  is  oxidized  for 
exposures  above  106  L.  Thus,  the  peaks  we  see  in  the  curves  for  ex¬ 
posures  of  107  L  of  excited  oxygen  (Fig.  15)  at  8.8  and  5  eV  below  the 
VBM  should  be  oxide  peaks.  If  the  excited  oxygen  was  found  to  be  atomic 
rather  than  excited  molecular  oxygen,  the  similarity  in  the  initial  ad¬ 
sorption  of  the  excited  and  the  molecular  oxygen  would  indicate  that 
the  molecular  oxygen  adsorbed  dissociat ively  on  the  GaAs  (110)  sur- 
tace.  Thus,  it  would  be  very  interesting  to  perform  an  experiment  to 
determine  the  nature  of  the  excited  oxvgen,  as  well  as  an  adsorption 
experiment  with  atomic  oxygen. 

The  simultaneous  appearance  and  growth  of  the  peaks  9.9.  8.2,  and  ' 

-5  to  5  ov  below  the  VHM  indicates  that  all  three  are  due  to  a  single  ad¬ 
sorption  process.  The  splitting  between  the  shoulder  and  second  peak  is 
to  1.2  oV  and  between  the  second  and  third  peaks  is  1.7  eV.  it  is 
interesting  to  compare  these  peaks  to  those  seen  in  gas  phase  photoemis- 
sion  from  molecular  oxygen.  The  first  three  peaks  in  that  case  are  the 

rtu.  and  levels  with  splittings  of  -I  eV  (*g  and  tu)  and  2  eV  (™ 
l  22 , 2  l 

aild  *■'  ’  If  *'ve  a**°ciate  the  shoulder  in  our  data  with  the  ng 

iovel  and  the  next  peaks  with  the  *i  and  S*  levels,  respectively, 
we  see  that  the  agreement  is  rather  good.  The  first  splitting  between 
the  ~g  and  tu  is  within  the  range  of  values  we  see,  and  the  second 
splitting  is  0.3  eV  larger  than  what  is  seen  in  our  results.  This  is, 
by  no  means,  conclusive  evidence  that  the  oxygen  adsorbs  as  a  molecule. 
However,  the  evidence  is  strong  enough  that  the  suggestion  must  be  made. 
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The  studies  presented  in  this  paper  are  rather  exploratory  in 
nature,  and  their  importance  lies,  not  only  in  what  we  have  learned 
so  far  but,  also,  in  suggestions  for  new  work  that  will  clarify  some 
of  the  questions  that  remain  unanswered.  For  example,  more  work  must 
be  done  to  correlate  the  pinning  on  clean  surfaces  with  actual  physi¬ 
cal  defects  such  as  impurities  or  cleavage  steps.  As  discussed  above, 
these  defects  could  also  be  the  cause  of  surface  strain  and  the  re¬ 
sulting  smearing  of  the  EDC's.  Once  the  relationship  between  these 
various  effects  is  established,  it  will  be  possible  to  make  better  and 
more  reproducible  surfaces.  LEED  studies  should  be  performed  along 
with  the  photoemLss ion  to  see  if  we  can  detect  any  change  in  the  LEED 
I-V  curves  when  we  have  changes  in  the  EDC's.  In  order  to  gather  more 
evidence  as  to  the  nature  of  the  adsorbed  oxygen,  the  three  oxygen  in¬ 
duced  levels  should  be  studied  as  a  function  of  photon  energy  to  see 
if  their  cross  sections  are  the  same  as  for  molecular  oxygen,  and 
electron  energy  loss  experiments  to  detect  any  molecular  vibrational 
levels  that  might  be  present  should  also  be  undertaken. 

Finally,  since  theoretical  calculations  on  the  rearranged  GaAs 

3 

(110)  surface  are  starting  to  be  published,  it  should  not  be  long 
until  we  can  start  making  more  detailed  comparisons  between  our  photo¬ 
emission  data  and  the  calculated  surface  densities  of  states. 
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FIGURE  CAPTIONS 


Fig.  1 

Fig.  2 

Fig.  3, 

Fig.  4. 

Fig.  5. 


Fig.  6. 


EDC's  taken  at  a  photon  energy  of  21  eV  for  four  cleaves 
from  Sample  LD1.  The  solid  curve  for  sample  LD1C  was 
taken  12  hours  after  cleaving,  whereas  the  dotted  curve 
was  taken  within  45  minutes  after  cleaving. 

EDC's  taken  at  hv  ■  21  eV  for  three  cleaves  from 
Sample  LD2. 

EDC's  taken  at  hv  m  20  eV  for  three  cleaves  from 
Sample  LD3. 

EDC's  taken  at  hv  *  21  eV  for  three  cleaves  from 
Sample  MCP .  The  solid  curve  for  sample  MCPB  was  taken 
20  hours  after  cleaving,  whereas  the  dotted  curve  was 
taken  within  30  minutes  after  cleaving. 

Summary  of  Fermi  level  movement  versus  exposure  for  some 
of  the  samples  shown  in  Figs.  1-4.  Here,  we  show  the 
position  of  the  Fermi  level,  E  ,  with  respect  to  both 
the  valence  band  maximum,  VBM  (in  the  bottom  set  of  curves) 
and  peak  "A"  (in  the  top  set  of  curves).  The  middle  set  of 
curves  show  the  position  of  the  VBM  with  respect  to  peak  "A". 
Samples  in  group  I  show  no  Fermi  level  pinning  after  cleav¬ 
age.  Pinning  is  seen  from  group  II  and  III  samples,  but, 
for  the  group  III  sample,  it  is  removed  by  exposure  to  oxy¬ 
gen  (see  text). 

EDC's  for  Sample  LD1A,  i.e..  Sample  LD1  cleave  A,  as  a 
function  of  oxygen  exposure  (hv  -  21  eV) . 
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Fig.  7. 

Fig.  8. 


Fig.  9. 


Fig.  10. 


Fig.  11. 


Fig.  12. 


Fig.  13. 


Fig.  14. 


Fig.  15. 


Fig.  16. 


Fig.  17. 


EDO's  for  Sample  LD1C  as  a  function  of  oxygen  exposure 
(hv  ■  21  eV). 

EDO's  for  Sample  LD1D  as  a  function  of  oxygen  exposure 
(hv  ■  21  eV) . 

EDO's  for  Sample  MCPA  as  a  function  of  oxygen  exposure 
(hv  -  21  eV). 

EDO's  for  Sample  MCPB  as  a  function  of  oxygen  exposure 
(hv  -  21  eV). 

EDO's  for  Sample  MCPC  as  a  function  of  oxygen  exposure 
(hv  *  21  eV) . 

EDO's  for  Sample  MCPD  as  a  function  of  oxygen  exposure 
(hv  »  21  eV) .  No  spectra  were  taken  of  the  clean  sample. 
EDO's  for  Sample  LD2A  as  a  function  of  oxygen  exposure 
(hv  *  21  eV) . 

EDO's  for  Sample  LD3C  as  a  function  of  oxygen  exposure. 

Note,  here,  hv  =>  21  eV  ,  but  hv  »  20  eV  in  Fig.  3, 
so  the  clean  spectra  will  be  somewhat  different  due  to 
direct  transition  effects. 

Comparison  of  Sample  LD2A,  exposed  to  molecular  unexcited 
oxygen,  with  Sample  LD2C,  exposed  to  excited  oxygen. 

EDO's  for  Sample  LD2C  exposed  to  excited  oxygen 
(hv  -  25  eV) . 

Partial  yield  measurements  for  (a)  Sample  MCPB  and  (b)  Sample 
LD1C  as  a  function  of  oxygen  exposure. 
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Chapter  8 

THE  OXIDATION  OF  C»  -  UV  PHOTOEHISSION  STUDIES* 
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Stanford  University,  Stanford.  Cal.  04305 

Present  address:  Central  Research  Laboratory  of  Hitachi.  Ltd. 
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ABSTRACT 

The  oxidation  of  cesium  has  been  studied  using  ultraviolet  photo- 
emission  spectroscopy.  Upon  exposure  of  a  fresh  cesium  film  to  oxygen, 
a  very  narrow  peak  appears  in  the  energy  distribution  curves  (EDCs'l 
about  2.o  eV  below  the  Fermi  level.  Ef  ,  and  grows  with  increasing 
exposure.  This  peak  Is  associated  with  oxygen  ions  dissolved  In  the 
cesium  metal  below  the  surface.  After  3  X  1C*?  Torr-sec  of  exposure., 
additional  structure  begins  to  appear.  This  is  associated  with  the  pre^ 
clpitation  of  cesium  oxides.  The  structure  associated  with  the  oxides 
changes  with  increasing  oxygen  exposure  indicating  the  appearance  of 
different  oxides.  The  oxide  penetrates  appreciably  to  the  surface  only 
after  strong  oxide  buildup  has  taken  place  beneath  the  surface.  A 
sharp  minimum  oi  0."  eV  is  found  in  the  work  function  over  a  relatively 
small  range  of  oxygen  exposure. 

* 

This  research  was  supported  by  the  Advanced  Research  Projects  Agency  of 
the  Department  of  Defense  and  monitored  by  Night  Vision  Laboratory. 
USAECOM  under  Contract  No.  DAAK  02-~--c-0« 00 . 
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I .  INTRODUCTION 


Recently  it  has  become  evident  that  ultraviolet  photoemission 
spectroscopy  can  be  used  to  study  the  process  of  oxidation  of  solids. 

Of  particular  importance  to  the  present  work  was  the  study  of  the  oxi¬ 
dation  of  Sr  carried  out  by  Helms  and  Spicer.  They  showed  that  the 
oxygen  ions  formed  in  the  oxidation  process  in  the  early  stages  of 
oxidation  did  not  remain  on  the  surface  but,  rather,  were  located  below 
the  surface  layer  of  Sr  atoms.  On  the  basis  of  the  Sr  work,  it 
was  suggested  that  two  important  criteria  for  the  occurrance  of  such 
behavior  were:  l)  that  the  oxide  be  ionic  in  nature  since,  in  that  case, 
the  energy  will  be  minimized  when  the  oxygen  ion  sits  beneath  the  sur¬ 
face  so  that  it  receives  the  maximum  benefit  from  the  surrounding  posi¬ 
tive  charge  of  the  lattice  and  2)  the  lattice  be  sufficiently  open  so 
that  the  oxygen  ion  does  not  have  to  move  through  a  large  repulsive 
potential  barrier  to  gain  the  interior  of  the  sample.  Both  criteria 
were  well  satisfied  in  Sr  .  Concerning  the  second  criterion,  it  should 
be  noted  that  Sr  has  a  fee  lattice  and  that  the  oxygen  ions  very  neatly 
fill  the  interstitial  sites  forming  a  NaCl  lattice.  The  Sr-Sr  dis¬ 
tance  shrinks  from  4.3  A  to  3.00  A  on  oxidation.  Thus,  one  would  not 
expect  an  appreciable  activation  energy  for  the  motion  of  oxygen  ion 
into  the  bulk  of  the  sample,  and  none  was  found. 

Cesium  also  has  quite  an  open  fee  lattice  and  is  ionic.  Therefore, 
we  would  expect  the  oxvgen  to  lie  below  a  surface  layer  of  Cs  atoms. 
However,  as  can  be  seen"  from  Fig.  1,  it  has  a  very  complex  oxide  phase 
diagram  with  an  unusually  large  number  of  oxides. 
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Cesium  oxide  is  also  of  interest  because  in  thin  layers  it  pro¬ 
vides  perhaps  the  lowest  work  function  material  known.  However,  little 
relationship  has  been  established  between  the  phase  diagram  and  the 
work  function.  In  particular,  it  has  not  been  established  which  of  the 
oxides  corresponds  to  the  low  work  function.  Recently,  interest  in  the 
low  work  function  cesium  oxide  layers  has  been  renewed  because  of  the 
new  class  of  negative  electron  affinity  photoemitters  which  has  been 
developed.3  These  emitters  depend  on  obtaining  optimum  thin  cesium 
oxide  layers,  and  properties  of  these  layers  appear  to  limit  the  long 
wavelength  threshold  which  can  he  obtained  and  the  time-stability  of  the 
cathodes.  It  appeared  useful  to  study  the  oxidation  of  thick  films  of 
Cs  by  UPS  in  order  to  provide  background  information  which  could  be 
correlated  with  similar  studies  made  on  the  cesium  oxide  produced  on  the 
surface  on  negative  affinity  photocathodes. 

II .  experimental  details 

The  experiment  was  carried  out  in  a  stainless  steel  ultra-high 
vacuum  system  with  a  base  pressure  of  about  3  x  Torr  as  "enured 

on  a  Redhead  gauge.  EDCs  were  measured  using  a  standard  retarding  po- 

•i 

tential  system. 

The  cesium  metal  was  contained  in  a  vacuum  sealed  glass  ampul.  The 
ampul  contained  about  1/3  gram  of  Cs  which  had  been  vacuum  distilled 
from  a  1  gram  Cs  ampul  purchased  from  Electronic  Space  Product,.  Inc. 
The  1/3  gram  ampul  was  placed  in  a  copper  side  arm  of  about  30  cm  total 
length.  After  pump  down  and  bakeout  of  the  system  the  side  arm  was 
crushed  to  break  the  ampiT  .  The  Cs  remained  in  the  side  arm  after  the 


ampul  was  crushed.  It  was  necessary  to  heat  the  side  arm  with  heat  tapes 
or  a  propane  torch  In  order  to  evaporate  cesium  at  a  sufficiently  rapid 
rate . 

The  cesium  was  evaporated  onto  a  copper  substrate  which  had  been 
cooled  to  approximately  1-C  K  with  a  liquid  nitrogen  cooled  cold  strap. 
After  several  hours  of  cooling  the  substrate  temperature  reached  a  mini¬ 
mum  of  IOC  K.  All  data  shown  in  this  article  was  measured  at  a  tempera¬ 
ture  between  ICC  K  and  1-C  K  on  films  which  had  never  been  warmed  above 
1*0  K. 

It  took  approximately  one  hour  to  evaporate  a  sample  sufficiently 
thick  for  measurements.  It  was  not  possible  to  measure  the  thickness  of 
the  cesium  layer,  but  it  was  visible  as  a  dull,  dark  layer  on  the  sub¬ 
strate.  During  evaporation  the  yield  was  monitored  at  eV.  The  yield 

first  rose  as  a  monolayer  of  Cs  was  deposited,  and  then  fell  as  a  bulk 
Cs  layer  formed.  For  the  final  layer  only,  emission  from  the  metallic 
cesium  was  obtained. 

During  Cs  evaporation  the  pressure  rose  to  about  i  X  li'  Torr. 
During  measurement  the  pressure  was  approximately  3  *  1  Torr.  The 
system  was  pumped  by  an  Orb-Ion  pump  and  a  small  Vaclon  pump.  It  was 
necessary  to  turn  the  Orb-Ion  off  during  measurements  because  the  light 
from  its  filaments  caused  photoemission  from  the  Cs 

The  Cs  was  oxidized  while  cold  by  admitting  high  purity  (1C  ppm 
impurities^  oxygen  into  the  system  through  a  Varian  leak  valve.  The 
presence  of  Cs  in  the  system  caused  large  reverse  currents,  which  pro¬ 
duced  low  energy  peaks  in  the  EDCs,  similar  to  those  shown  in  Fig.  1  of 
Reference  f.  The  reverse  current  peaks  have  been  removed  from  the  EDCs 
shown  in  this  paper. 


III.  RESULTS 


A .  Introduction 

Figure  2a  shows  the  photoelectric  yeild  of  the  oxidized  cesium  film 
as  a  function  of  oxygen  exposure.  From  it  we  see  that  the  oxidation  pro¬ 
cess  up  to  -  X  1C"  Langmuirs  ( 1L  =  lc'"  Torr-sec)  may  be  divided  approxi¬ 
mately  into  four  regions.  In  region  I  there  is  only  a  slight  increase 
in  yield  with  exposure.  At  about  1CL  a  more  rapid  rate  of  increase  is 
observed,  up  to  aaout  10CL.  at  which  point  the  yield  begins  to  rise  rapidly 
At  ?OCL  we  enter  region  IV  where  the  yield  drops  slowly  with  exposure. 

EDCs  of  oxidized  cesium  are  shown  in  Fig.  5  through  1C.  Two  sets  of 
EDCs  are  presented  for  hV  =  -.7  and  hV  .  1;  .2  eV  .  The  FDCs  shown  are 
taken  Horn  two  different  runs  of  the  experiment.  The  EDCs  were  quite  re¬ 
producible  from  the  two  runs.  The  EDCs  are  normalized  so  that  the  area 
under  the  curve  equals  the  yield  at  the  indicated  photon  energy.  .Vote 

that  there  is  a  scale  change  between  Figs.  3  and  -  and  -  and  S. 
and  5  and  o. 

3  •  Low  Oxygen  Exposure  (Regions  I  and 

EDCs  for  clean  Cs  are  shown  in  the  bottom  curves  in  Figs.  ?  and 
Peak  A  is  due  to  unscattered  electrons  from  the  Cs  valence  band. 

These  EDCs  agree  very  well  with  previous  work  on  clean  Cs  except 
that  the  weak  structure  labeled  ^  in  our  curves  is  much  weaker  than 
the  peak  in  the  same  position  in  the  work  of  Smith  et  al.  Since  shoulder 

B1  iS  ^  the  SaBW  eUergy  where  the  strong  oxide  peak  B  develops,  we 
believe  that  the  clean  Cs  investigated  by  Smith  actually  had  a  small 
oxygen  contamination.  Our  curve  for  1L  exposure  looks  more  like  the  EDCs 
of  Smith  than  our  EDCs  from  clean  Cs  .  We  believe  that  our  Cs  was 


verv  clean  because  the  Cs  was  distilled  under  vacuum  once  before  the 
ampul  was  placed  in  the  experimental  chamber,  and  because  the  long  path 


around  two  bends  which  the  Cs  had  to  traverse  on  its  way  to  the  sub¬ 
strate  caused  further  purification  of  the  Cs  .  On  the  other  hand. 

Smith’s  apparatus  featured  a  line-of-sight  evaporation  from  the  Cs  ampul 
to  the  substrate. 

Peak  B,  has  previously  been  attributed  to  valence  electrons  which 
have  been  scattered  by  a  surface  plasmon .  ’  Our  data  does  not  preclude 
that  explanation;  we  still  see  a  weak  shoulder  B ^  before  oxidation.  The 
shoulder  is  fairly  broad  and  asymmetrical  compared  to  the  oxide  peak  B 
which  tends  to  suggest  that  the  shoulder  B1  is  not  caused  by  oxygen  con¬ 
tamination.  The  shoulder  could  be  caused  by  the  surface  plasmon  as  ori¬ 
ginally  proposed,  or  it  could  be  due  to  small  quantities  of  contaminants 
in  the  Cs 

In  Figs.  :  and  -  it  is  important  to  note  that  the  magnitude  of  peak 
A  does  not  decrease  for  oxygen  exposures  up  to  2CCL.  although  the  growth 
of  structure  below  -_  oV  is  very  dramatic.  Peak  A  is  caused  by  unscattered 
electrons  emitted  from  the  conduction  band  of  cesium.  This  is  exactly  the 
same  behavior  as  was  seen  in  the  oxidation  of  Sr  . 1  As  mentioned  in  the 
introduction,  in  the  study  of  oxidation  of  Sr  it  was  found  that,  until 
oxidation  neared  completion,  the  oxide  was  located  beneath  the  surface  and 
the  surface  remained  very  metal  rich.  The  first  step  in  the  oxidation 
process  was  the  appearance  of  dissolved  '=  ions  below  the  surface.  The 
first  step  in  the  oxidation  of  Cs  appears  to  be  identical  to  that  of  Sr 
i-0--  ions  are  dissolved  in  the  Cs  metal. 


This  stage  is  characterized 
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by  a  narrow  oxide  peak  In  the  EDC«  In  both  cases.  This  Is  followed  by 
precipitation  of  crystallites.  Here  Sr  differs  from  Cs  in  that  it 
has  one  dominant  oxide  whereas  Cs  has  many  oxides  (see  Fig.  1).  I »i 
this  study  a  metallic  Fermi  edge  was  clearly  visible  In  the  EDCs  on  an 
expanded  scale,  at  3CCL  exposure,  and  barely  visible  at  5C0L  exposure. 
Beyond  ?CCL  exposure  any  Fermi  edge  was  burled  In  the  noise.  Thus  we 
believe  that  at  least  up  to  the  20CL  exposure,  there  is  a  layer  of  Cs 
metal  on  the  surface,  with  the  oxide  lying  in  the  bulk  of  the  material. 
From  VC  through  50CL  there  is  probably  an  increasing  amount  of  oxide 
mixed  with  the  cesium  at  the  surface.  Above  r  L  there  is  probably  only 
oxide  at  the  surface.  As  we  will  see  later  a  sharp  minimum  appears  in 
the  work  function  near  pCCL  exposure. 

The  extreme  sharpness  of  the  peak  B  for  exposures  up  to  3 CL  is  also 
similar  to  the  behavior  of  Sr  oxidation,^  and  again  we  believe  that  the 
explanation  is  the  same  in  both  cases:  for  the  first  -  -f  L  the  oxygen 
atoms  are  well  separated  so  that  the  oxygen-oxygen  overlap  is  very  small. 
Thus  the  peak  B  is  an  atomic -like  oxygen  level.  From  }  -1CCL.  peaks  C 
and  D  develop,  indicating  that  oxygen  levels  overlap  at  these  exposures, 
i.e..  formation  of  cesium  oxygen  compounds  starts. 

C.  Regions  of  Large  Oxygen  Exposure  (Regions  II.  Ill  ant*  IVv 

As  can  be  seen  from  Figs,  --o  and  '-1C.  there  are  very  distinct 
changes  in  the  EDCs  as  the  oxidation  proceeds  from  AC  to  "CCCL.  Based 
on  phase  diagrams  and  estimates  of  vapor  pressure.  Bell  has  estimated 
that  the  phase  important  for  activation  of  photocathodes  is  Cs 
Four  other  compositions  lie  on  the  cesium  rich  side  of  this  composition. 
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Another  i/ n do rfmi-  ~ 

'  Para"«"  contained  in  Fles  ,  o 
*-*  function  eg  lvhlch  „  '  3  3'  ™S  ls  '»* 

’  1  h  ls  obtained  from  the  Eno.  c,.  „ 

..  16  LDCs  b>  subtracting  the 

uidth  of  the  me  it  ,  B  ne 

roC  ^rom  low  energy  cutoff 

the  oh  ,  6  F6rmi  Ievel)  ^’om 

Photon  energy  used  to  produce  the  EDC .  In  Fi,  ~b  ,, 

U  Plotted  versus  oxygen  fUnCti°n 

sus  ox\gen  exposure.  At  srrr  nv, 

(fig  o„  „  ,  CCL  ON)Sen  «!«•",  the  yield 

*'  '  :'C"eS  a  "«•»•  and  the  .„rk  function  „ 

^  luntcion  rearhpc  .-j 

mum  of  about  -  ev  r  „  P  mini' 

•  eV-  m  addition  a  fairly  distinct  mr  • 

=CCL  v  „  .  '  *  is  obtained  at 

L-  -Vote  m  particular  that  a  hw 

mat  a  distinct  oeak  -i 

,  pe3K  ls  Present  at  . s  .v 

1? ‘  '■  w,,ich  is  not  well  defined  f 

ined  for  any  nearby  oxygen  exposure  Th„. 

“  appears  that  a  fairly  distinct  EDC 

lorn  of  ....  "  ‘°r  the  tenet i on 

iorm  ot  cesium  oxide  „  , 

aote  also  r  h  •,  t-  am 

t  was  just  above  oPCl  Vn -> 

rhof  n.  ,  ~ ■ exposure 

•  “fHic  Fermi  edge  completely  disappeared. 


IV.  CONCLUSIONS 


Tht?  oxidation  of  rc  ~ 
similar  to  that  of  Sr  Th„  .. 

anceof  d-  ,  ’  ^  la  th*  is  the  appear_ 

13S°  'Ved  °XySen  ions  i»*W  the  metal.  Th<  s  is  foU  rf 

oi  pi  tat  ion  of  oxides  Howeve  "  b>'  Pl’e' 

S-  However.,  Cs  differs  from  c,. 

1f,D  ro,n  Sl  two  wavs.  First 

after  oxide  appears  the  et,  '  r 

K  1  ■'  tne  structure  in  the  mne  * 

with  fr°m  thG  cesium  oxide  changes 

th  oxygen  exposure,  indicating  the  am, 

s  cne  aPPearance  of  different  • 

where-, c  »  rerent  cesium  oxides: 

Wiiereas .  in  the  oxidation  of  3r  on  lv 

.  .  '  ’  °ne  °Xlde  1S  observed.  Second 

‘  sharP  minimum  aDpears  ln  th 

5  ln  the  cesium  oxide  work 

orK  1 anction  with  oxygen  ex¬ 
posure.  Xo  similar  u  ■’  ex 

Th.  Sr 
*Drk  Pr0VldeS  *  «a"‘"S  P»*nt  in  attempting  «„  09tt.  „ 

1«  nork  function  "  U"dSWa"‘l  the 

i°n  of  cesiU!l1  oxide  layers  which  >rD 
,  '  C1  J1 e  s°  important  to  irr-v 

Photocathodes  and  other  electron 

election  emitting  devices 

devices.  The  next  step  in  this 


00' 


* 


investigation  will  be  the  examination  of  cesium  oxide  on  practical 


emitting  surfaces. 
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Chapter  9 


OXYGEN  CHEMISORPTION  ON  Cs  COVERED  GaAs  (110)  SURFACES* 


C.  Y.  Su,  P.  W.  Chye,  P.  Pianetta, 
I.  Lindau,  and  W.  E.  Spicer 
Stanford  Electronics  Laboratories 
Stanford  University 
Stanford,  California  94305,  USA 


Abstract 

Cs  covered  GaAs  (110)  was  exposed  to  oxygen  and  studied  with  soft 
X-ray  photoemission  spectroscopy  (SXPS).  Oxygen  was  found  to  bond  to 
the  surface  As  atoms  with  106  times  greater  initial  oxygen  uptake.  A 
second  Cs  layer  added  after  the  Cs/GaAs  (110)  surface  had  been  exposed 
to  oxygen  brings  effects  similar  to  the  oxidation  of  GaAs  by  excited 
oxygen.  Possible  inadequacies  of  the  conventional  models  of  NEA  photo¬ 
cathodes  assuming  non  interacting  substrate  and  Cs,,0  layer  are  discussed. 
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ation  Laboratory  was  also  supported  by  NSF,  DMR73-07692  A02 ,  in  cooper¬ 
ation  with  the  Stanford  Linear  Accelerator  Center  and  the  Department  of 
Energy. 
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Adsorption  and  initln,  oxidation  of  the  II,  r 
.t,  topics  exten,,  ,  "°"P<>Und  semiconductor 

•  "Slvoly  discussed  in  the  literature,1  partieularlv  for  t„e 

—  Of  GoAs .  this  *,rb,  wo  coadsorhod  Cs  and 

order  to  forth  <“'» 

further  probe  the  oxidation  property  of  this  , 
su11a  ‘  f  this  ^rface.  The  re¬ 

sults  are  compared  to  those  for  the  oxidati 

uie  oxidation  of  clem  r,ie  . 

win  aic,  h  GaAs'  A  discussion 

ill  also  be  presented  in  relation  t. 

'P  ncgative  electron  aff initv  (\FA ) 
Photocathodes ,  .here  the  process  of  co.d 

—  »  dive  a  iow  worh  u„ct  'Ptl0"  “  “  “  ~ 

substrate ,  ^  °V>  ‘—in*  the 

Experiments  were  done  ustng  synchrotron  radiation  .  „ 

Synchrotron  Radiation  Laboratory  (SSRL)  in  th  ^ 

"  atomlc  ooslum  source  ,ras  evaporated  r 
a  vacuum  cleaved  n-<Ms  (no,  evaporated  onto 

„  <U0>  0r5,5W1  •-*  «  temperature  unti,  the 

Photoemission  of  the  Cs-4n  ,  ,  ™ 

SatU"ted-  "  "1’,0h  *  — L*r 

8  ' “  b"”  "“«•  —  i  cs  deposited  beyond  this  . 

““  1,0  PU"P"’  fl'°"  Research  grade  ow„ 

l"t0  ~  *  —  U„h  valve,  Slightly  d iff,  *d"U,'d 

cesium  treatments  iIfeient  oxygon- 

leatments  were  appuec)  to  rh„o 

to  tnreo  senary 

"lth  reproducibility  of  the  i  CryBt“l 

y  of  the  important  features  m, 

spectra.  1G  })  10  toem  is  s  ion 

figure  X  shows  the  EDCs  „f  .  cleaved  Cuts  <1,0,  surfac . 

unexcited  molecular  oxygen  accord!,,  t  ‘?’!'”3C'd 

rdi  ^  to  thG  'work  bv  Pianetta  „t  * 

shifted  peak  2,9  eV  below  the  As  Id  *  *  <L  ^ 

the  As -3d  peak  (e  „  40  s 

f1”™'  „  chemisorbed  o„  ihe  Jof  r  4‘  “  * 

—  Its,  the  EDCs  obtained  ,t  diff  « 

ui  face  are  shown  in  Fie .  2  At  in  t 

suro  (1  L  »  10“6  torr-sec)  '  '  °*nWn  *xpo‘ 

'  W  500  tlw  Chemically  shifted  As-3d 


peak 


characteristic  of  oxygen  adsorbed  on  GaAs  .  As  we  go  to  higher  exposures, 
the  shifted  As-3d  peak  and  the  0-2p  peak  grow  simultaneously  until  satu¬ 
ration  is  reached  between  40  and  1000  L.  A  striking  contrast  between  the 
oxidation  of  clean  GaAs  and  cesiated  GaAs  is  immediately  apparont  here. 
The  oxygen  uptake  is  many  orders  of  magnitude  faster  on  the  cesiated 
surface.  Thus,  the  spectra  at  20  and  5  x  107  L  0„  for  the  cesiated  and 
clean  surfaces,  respectively,  are  comparable. 

The  effect  of  oxygon  on  Cs  is  to  shift  the  Cs  core  levels  (5s  and 
5p  in  Fig.  2,  Cs-4d  not  shown)  to  lower  binding  energy  with  peak  shapes 
unchanged.  Accompanying  the  Cs  core  level  shift  is  the  continuous  move¬ 
ment  of  the  shifted  As-3d  peak  to  higher  binding  energy.  Movement  of 
both  the  Cs  peaks  and  the  shifted  As-3d  peak  stabilize  in  energy  position 
around  40  L  02 ,  at  which  point  the  growth  in  strength  of  the  shifted  As- 
3d  peak  also  slows  down.  This  correlation  indicates  interaction  between 
the  oxidizing  substrate  and  the  Cs  /0  overlayer.  The  nature  of  this  com¬ 
plex  interaction  will  be  presented  elsewhere. S  As  far  as  wo  are  concerned 
here,  it  is  sufficient  to  point  out  that  the  shifted  As-3d  peak  with  en¬ 
ergy  position  from  2.9  to  3.3  eV  below  the  unshifted  peak  represent  the 
same  chemisorption  state  of  oxygen  on  GaAs  ,  the  shift  being  due  to  the 
Cs -oxygen  Interaction. 

As  shown  by  the  curve  second  from  the  top  in  Fig .  2 ,  the  second  Cs 
dose  caused  several  prominent  effects.  First,  the  Cs  peaks  and  the  oxy¬ 
gen  related  peaks  shifted  to  higher  binding  energy  by  0.S  eV,  i.e.,  back 
to  the  original  binding  energy  for  Cs  on  GaAs.  We  also  see  the  shifted 
As -3d  peak  broaden  into  two  peaks:  a  new  peak  4.5  eV  below  the  unshifted 
peak  plus  the  original  one  at  3.3  eV.  Furthermore,  a  small  shoulder  ap¬ 
pears  1.1  eV  below  the  Ga-3d  peak,  as  indicated  by  the  arrow  under  "a" 


.  ,.d  is  core  levels  are  very  slm- 

,  -.eae  t«o  effects  on  the  Oa  and  As 

lnFlg'  ,  clean  GaAs  to  oxygen  excited  by  an 

4-v,«  case  of  exposing  clean 

llar  to  that  in  ^  (There  are  als0  some 

.  pnr<;  are  shown  in  Fig  • 

ion  gauge,  of  whic  discussed  in  detail 

the  Ga-3d  core  level,  which  will  be 

subtle  effects  on  and  gallium  oxides  are 

5x  Thus  it  appears  that  true 
elsewhere.  )  Tnus , 

“i*  t0rm"'  lble  that  the  heat  brought  to  the  snrface  hy  the  napes- 
It  is  possible  very  similar  to 

could  break  back  bonds  and  create  effec 
CS  e„  There  Is  no  evidence  for  breaking  back 

Chat  caused  by  excited  oxy*  ^  fact  that 

ponds  before  putting  down  the 

-  -  •*  — -  “  -;r.  :  break  back  bonds  of  the 

This  again  confirms  that,  in  order 

CSdOS6'  d  oxygen  chemisorbed  on  the  As  dangling  bonds, 

O.AS  (110)  surface,  »e  ne  Meeting  the  Cs/O/Cs 

,  first  proposed  by  Planetta  et  al. 

as  ms  first  P  „ere  shifted  back 

v,i<rh  oxVKen  exposure,  the  C  P 

covered  GaAs  to  a  addltlon  to  this  complex  shift 

'  0,  eV  toward  lower  binding  energ,  madditio: 

ussed  elsewhere,5  there  are  two  effects 
to  be  discuss  shifted  and 

,  relative  area  under  shirtea 

.  Of  CaAs.  First,  if  *e  take  th 

tion  of  GaAs  ___  sve  have  oxi- 

moasure  Of  the  oxygen  coverage , 

4  oj  as  a  measure 

UnShltted  .  r  o£  oaAs.  Moreover,  the  (change  in 

dUod  .ora  than  on.  monolay  3  0  has  baan  converted 

x  _  A  5  ev  state  corresponding  2  5 

binding  energy  -  These  «o  effects,  again. 

to  the  leer  oxide  As*  »lth  *  ’7 

“  ““““  ^  TinTinitial  oxidation  rata  can  be  explained 
The  large  enhancement  in  the  in 

1ooUles  which  impinged  on  the 

br .. c—  on 
Cs -covered  parts  of  the  •  che„lsorptlon  has  been  suggested 

too  Of  the  cs  layer,  sucn 


m 


by  °reg0ry  9t  et  «r  «  C3  and  by  njB1.s  ,t  Il8 

makes  it  favorable  for  oxygen  atoms  to  be  distributed  below  the  Cs  adat- 

ThlS  ~,lMt  P"P0Md  by  "01"S  —  '**".•  ««d  applied  to  Cs  by 
S  y  et  al,  who  also  p01nted  out  the  t,„  conditions  to  be  fulfilled 
mechanisms  to  writ,  namely,  the  high  electronegativity  differ- 

enco  between  0  and  Cs  and  the  relatively  open  structure  of  the  Cs  layer, 

0XySm  “  SUCh  *  P°3itl0n  ■>«  to  the  As  of  CaAs.  Since,  to 

the  first  order,  the  Cs  overlayer  does  no,  perturb  the  0-CaAs  binding 

and  causes  a  large  enhancement  in  the  initial  oxidation  rate  of  CaAs 

"  C0U“  “  the  dlS3“Ci“‘10"  molecular  oxygen  mto  atomic 
to  be  the  rate  limiting  process  in  the  initial  oxidation  of  the  CaAs 

CUO^surfsce.  This  was  also  suggesfd  from  the  experiments  by  Planetta 

Of  the  molecular  oxygen  is  ascribed  to  tha» 

scribed  to  the  presence  of  the  Cs  layer  on 

the  surface. 

Although  we  did  not  follow  the  exact  procedures  of  activating  CaAs 
in  «lng  real  XSA  Photocathodes  ,  the  results  of  the  present  worn  bear 

““  very  important  implications  to  the  understanding  of  NTH  photoeath- 

odes.  Whether  there  is  cesium  oxide  Cs  0  or  sm 

’  Cs20,  01  suboxides  forming  can  not 

“  U”“bleUOU3ly  •  -*.  we  have  definitely  demon¬ 

strated  that  the  oxygen  does  hot  only  interact  with  the  Cs  overlayer  but 

hlso  affects  the  substrate  strongly.  The  irreversible  oxidation  o,  the 

substrate  may  be  responsible  for  the  Interfacial  barrier  which  sets  the 

ultimate  limit  for  the  long  wavelength  response  of  m  p„otocathc*es  ,  as 

““  be  d‘™  fU1't"*r  *l~'  er,  the  correlation  of  the 

Cs  core  level  shifts  to  the  growth  of  the  shifted  As-3d  peah,  as  described 
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above,  suggests  that  the  interaction  between  the  substrate  and  the  Cs/O 

overlayer  is  complex  but  important  in  determining  the  final  surface  con- 

2 

ditions  that  control  the  work  function. 

In  summary,  we  have  observed  the  important  phenomenon  of  enhanced 
oxygen  uptake  on  the  GaAs  (110)  surface  by  the  presence  of  a  metal  ad- 
layer.  Prom  the  observation  that  a  cesium  overlayer  causes  dissociative 
chemisorption  of  C>2,  it  is  inferred  that  the  rate  limiting  process  in 
the  initial  oxidation  of  clean  GaAs  is  the  dissociation  of  molecular 
oxygen  into  atomic  oxygen.  The  results  also  suggest  possible  inade¬ 
quacies  of  those  models  for  the  XEA  photocathodes,  which  leave  out  the 
role  played  by  the  chemically  active  substrate. 

The  authors  would  like  to  thank  Mr.  D.  Ling  and  L.  Derbenwick  for 
setting  up  the  computer  data  acqusition  system. 
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Figure  Captions 


EDCs  of  clean  and  oxygen  exposed  n-type  GaAs  (110)  at  hv  *  100  eV 
From  Ref .  4 . 

EDCs  of  clean  and  Cs/0  treated  surface  of  n-type  GaAs  (110)  at  hv 
120  eV.  The  arrow  under  "A"  points  to  an  asymmetry  in  the  Ga-3d 
peak.  represent  equal  energy  spacing  of  0.3  eV . 

EDCs  of  clean  p-type  GaAs  (110)  and  the  clean  surface  exposed  to 
excited  oxygen  at  hv  =  100  eV . 
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